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COMPARISONS OF MERCURY AND THE MOON 

PREFACE 
This issue of Physics of the Earth and Planetary Interiors contains the proceedings of the "Conference on 
Comparisons of Mercury and the Moon," which was held at the Lunar Science Institute, Houston, Texas, Novem-
ber 15 - 17, 1976. Participants, including 75 individuals representing 35 institutions and the full spectrum of 
NASA-sponsored lunar and planetary research programs, came to compare observations of the moon made by 
earth-based telescopes, the Apollo, Lunar Orbiter , and Explorer-35 missions with observations of Mercury by 
earth-based telescopes and Mariner 10 , in the hope of increasing their understanding of parameters which control 
cratering and internally-driven processes important to planetary evolution. Conference participants were particu-
larly interested in the widely divergent magnetic field histories of the two planets and in the geologic histories, 
which are surprisingly similar considering the different sizes, the silicate/metal ratios, thermal conductivities , and 
amounts of radiogenic heating implied by models for solar system condensation and the bulk densities of the 
planets. 
This symposium was one of a continuing series of topical Conferences sponsored by the Lunar Science Insti-
tute which is operated by the Universities Space Research Association under NASA contract NSR-09-051-001. 
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PLANETARY MAGNETISM AND THE INTERIORS OF THE MOON AND MERCURY 
PATRICK CASSEN 
Theoretical and Planetary Studies Branch, NA SA - Ames R esearch Center, Moffett Field, Calif. 94035 (U.S.A.) 
(Revised and accepted for publication May 11 , 1977) 
Cassen, P., 1977. Planetary magnetism and the interiors of the moon and Mercury. Phys. Earth Planet. Inter., 15: 
113 - 120. 
This paper reviews those aspects of the magnetic properties of the moon and Mercury which are most readily related to 
the thermal evolutions of these b odies. Theories which involve magnetization by an internal dynamo, or, for Mercury, a 
presently active dynam o, have nontrivial energy requirements. A thermally convecting lunar dynamo, driven solely by 
solidification of the core, could last for almost 2 b.y ., but only if solid convection in the mantle were inhibited . The main-
tenance of a thermally convecting dynamo in Mercury until the present probably requires an additional heat source in the 
core, assuming that the core formed within the first billion years of the planet's history. Dynamos driven by mechanisms 
other than thermal convection put less stringent constraints on therm al evolution , but their lifetimes depend sensitively on 
the melting properties of material at the core - mantle boundary , mantle rheology and mantle heat- source co ncentrations. 
The source of the energy required for early planetary-wide differentiation , and therefore core form ation, has not been 
established. The most likely possibility , accretional heating, requires that the energy of impacting bodies be deposited in 
the interior of the planet. 
I. Introduction 
In spite of the fact that the surfaces of the moon 
and Mercury are similar in many respects , the interi-
ors of these bodies must be quite diffe rent. Unlike 
the moon , Mercury must contain a large fraction of 
Fe - 60- 70% by mass (Reynolds and Summers, 
1969; Siegfried and Solomon, 1974) - in order to 
account for its high mean density of 5.43 g cm-3 . 
The discovery of a weak, but apparently ordered 
magnetic field associated with Mercury serves to fur-
ther distinguish this planet from the moon. The 
dipole moment of the lunar field has yet to be mea-
sured ; it must be less than 1.3 · 10 18 G em 3 (Russell 
et al., 1974) , but surface fi elds of at least a few hun-
dred gammas exist (1 'Y = 10 - 5 G). The surface field 
due to the global dipole moment can be no greater 
than a few hundredths of a gamma. The lunar field is 
complex and dominated by small-scale variations. 
The Apollo-14 surface magnetometer measured 
strong changes in the field over distances less than a 
kilometer (Dyal et al ., 1972); but sub-satellite mea-
surements indicate that there must also be regions 
with coherent fields extending over distances up to 
100 km (Russell et al. , 1975). There is general agree-
ment that the present lunar field is due to the mag-
netization of rocks at the surface and in the outer 
layers of the moon . In contrast, Mercury's magnetic 
field h as a dipole moment of 5 · 1022 G cm 3 (Ness 
et al., 1976) - still small compared to the earth 's 
(8 · I 025 G em 3), but much larger than that of the 
moon. The dipole is approximately aligned with the 
rotation axis and has the same polarity as the earth's 
dipole . The field is strong enough to create a magne-
tosphere similar to the earth's in many respects . The 
deviations from a simple dipole field that were 
observed by Mariner 10 seem to be readily explain-
able in terms of solar-wind confinement and processes 
similar to those observed in the earth's magneto-
sphere (Siscoe et al., 1975 ; Ness et al. , 1976). 
Can the differences in the magnetic fields of Mer-
cury and the moon be related to differences in their 
structures and thermal histories? Although magnetic-
field observations are frequently listed as a constraint 
on the thermal evolution of the moon , there is no 
general agreement on the nature of the original field , 
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and therefore it is not clear what constraints the pres-
ent field imposes. Theories of the original magnetiz-
ing field are discussed by Fuller (1974). They can be 
divided into three categories: 
( 1) Extinct dynamo. Runcorn (I 975a) showed that, 
under certain idealized conditions, the magnetic 
field outside of a shell which was originally magne-
tized by an internal dipole source which has since 
disappeared, would be exactly zero. This idea has 
been refined by Runcorn (1975b), Srnka (1976) and 
Stephenson (1976a), who have shown that a small 
lunar dipole component could be explained by such 
a scheme. The measured surface fields would thus 
be regarded as due to the local disruption of the 
otherwise smoothly magnetized crust, by cratering 
or other processes. 
(2) Primordial field of external origin. In these theo-
ries it is supposed that magnetization of lunar mate-
rial originally occurred in a solar or terrestrial field, 
or perhaps one generated in the primitive nebula 
(Sonett and Runcorn , 1971; Nagata et al., 1972; 
Banerjee and Mellema, 1976). The present remanent 
field may be a secondary one, magnetized in the 
remanent field of a core which has since disappeared 
due to heating of the core above the Curie point. 
(3) Local mechanisms. These theories rely on small-
scale electric currents for the source of the magne-
tizing field, such as local dynamos (Murthy and 
Banerjee, 1973), plasma currents (Gold and Soter, 
1976), or thermoelectric currents (Daily et al., 1976). 
In the local dynamo theory, the magnetizing currents 
are postulated to have existed in relatively shallow 
pockets of molten iron or iron sulfide. The suggestion 
of Gold and Soter (I 976) is that cometary impacts 
would compress the ambient solar-wind' field to the 
degree necessary for the shock magnetization 
observed by Cisowski et al. (1973) to occur. Daily et 
al. (I 976) propose that surface magnetization 
occurred in fields produced by thermoelectric cur-
rents driven by the temperature gradients in cooling 
lava basins. 
Any of the above theories may apply to Mercury, 
and there is the additional possibility that an active 
dynamo exists. Stephenson (1976b) has determined 
the conditions under which Mercury's field could be 
a remanent one induced in the planet's outer layers. 
Strangway and Sharpe (1976) have considered the 
possibility that remanence has been retained in the 
interior of the planet. Whether or not local mecha-
nisms were important on Mercury is unresolvable at 
present , since we have no information regarding 
small-scale fields. 
This paper deals primarily with those theories 
which invoke global magnetohydrodynamic dynamos. 
Such theories are appealing simply because we know 
that dynamos are responsible for other large-scale 
solar-system fields- those of the sun, earth, and 
probably Jupiter. But another reason for pursuing 
the dynamo hypothesis is that it has a greater number 
of rigorously defined consequences for planetary 
evolution than other proposals, and so, in this sense, 
it is more testable than other theories. This is true in 
spite of our present poor understanding of how 
dynamos work. In the following sections, we discuss 
the implications of the dynamo hypothesis for Mer-
cury and the moon, making as few assumptions as 
possible about the physical states and evolutions of 
these bodies. 
2. Evidence concerning the existence of cores 
The fundamental requirement of a magneto-
hydrodynamic dynamo is that the currents which 
generate the magnetic field be convected by fluid 
motion faster than they are diffused due to the 
imperfect electrical conductivity of the current carry-
ing medium. For global dynamos within Mercury or 
the moon, this requirement implies the existence of 
a molten metallic core, or shell. Stevenson (1975) 
has estimated that the electrical conductivity of sili-
cate material within Mercury does not exceed 1 n-1 
em -t, and this is likely to hold for the moon as well. 
This value is insufficient to allow dynamo action in a 
silicate core . Both Mercury and the moon appear to 
be chemically differentiated bodies (Murray et al., 
1975), so the segregation of Fe into a central core 
would not be unexpected. It is also known that 
Fe is abundant in Mercury , but we have no direct 
evidence regarding the existence of a core (see Peale, 
1976). 
The evidence for a metallic lunar core is also 
inconclusive. Bills and Ferrari (1977) have recently 
combined gravitational, topographic, compositional, 
librational and seismic observations to construct a 
model of the lunar interior which features a pyr-
rhotite (FeS2) core. But it is clear that the data only 
require an increase in density with depth, which may 
or may not be due to a metallic core. 
Seismic data indicate that a region of shear-wave 
attenuation begins at a depth of 500-850 km 
(Dainty et al., 1975). The attenuation could be 
caused by a few percent partial melt, but it might also 
be due to high sub-solidus temperatures, or an 
increase in volatile content. Nakamura et al. (1974) 
have presented evidence for a molten core (with a 
radius of less than 360 km) based on the apparent 
reduction of the P-wave velocity through the center 
of the moon. The observation is of a single event, and 
it is not clear whether or not a metallic core is 
required to explain the data. 
All recent studies of the electrical conductivity of 
the moon conclude that there is a steep rise in con-
ductivity in the outer 250 km, and then a decrease 
in the gradient at greater depths (Kuckes, 1974; 
Sonett and Dub a, 1975; Dyal et a!., 1976). When the 
interior conductivity of 10-3- 10-5 rr' em-! is 
related to temperature through laboratory studies of 
representative materials (Duba eta!. , 1976), it is hard 
to avoid the conclusion that the interior of the moon 
is at least within a few hundred degrees of typical dry 
silicate and Fe melting temperatures. Goldstein et al. 
(1976) have recently argued that constraints on the 
bulk permeability derived from sub-satellite magnetic 
measurements, together with the electromagnetic 
wave-scattering properties of the moon, require the 
existence of a highly conducting core with radius less 
than 580 km. They point out that this result is in 
"moderate disagreement" with their analysis of 
Explorer-35 and Apollo-12 data, which does not 
require a core (see also Dyal et al., 1976). Probing the 
moon to depths greater than 1 ,000 km requires the 
analysis of magnetic data over a very long period -
time constants at least as long as a few days are neces-
sary. The difficulties in obtaining sufficiently clean 
data for such periods are formidable, so that the pos-
sibility of unambiguously detecting a small metallic 
core with presently available data is not good. 
In summary, there is substantial evidence that the 
deep lunar interior (below 600 km) is hot -near or 
at melting - but a small core would be extremely 
difficult to detect, and there is only very weak evi-
dence for the existence of one. 
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3. Energy required for core differentiation 
The energetic requirements of core dynamos pose 
major theoretical questions for the thermal evolutions 
of Mercury and the moon. Since lunar rocks were 
magnetized as early as 4.0 b .y. ago (Stephenson et al., 
1975), and Mercury shows evidence of differentiation 
on a similar time scale (Murray et al., I 975), one 
must explain the source of the energy required to 
melt large fractions of these bodies early in their 
histories. The two significant sources of energy 
known to have been available - accretional heating 
and long-lived radioactive isotopes - are not obvious-
ly adequate. Accretional energy is deposited primarily 
in the outer layers of a forming planet, with the result 
that most of it is radiated away. Simple models of the 
accretion process which assume that all energy is 
deposited at the surface indicate that a formation 
time of less than 10 5 year is necessary for melting the 
outer layers of Mercury (P. Cassen, unpublished data, 
1972), and an even shorter time would be necessary 
to melt the moon (Mizutani, 1972). However, Wei-
denschilling (1976) shows that formation times for 
the terrestrial planets are more likely to be as long as 
108 year (see also Safronov, 1969) ; such slow accre-
tion would be incapable of melting the forming 
planet, unless a significant fraction of the energy 
was deposited far enough below the surface so that 
it could be retained. This would only occur for large 
impacting bodies [with radii greater than tens of 
kilometers, according to Safronov (1969)]. Wetherill 
(1976) has re -examined this problem and concluded 
that the size distribution of accreted planetessimals 
may have been such that extensive heating -even 
complete melting - of the moon by accretion was 
possible. The efficiency of the process depends criti-
cally on the energy partitioning during a large impact, 
and the number of large impacting bodies. 
If it is assumed that radioactive heat sources are 
initially uniformly distributed, it is easy to estimate 
the minimum amounts needed to melt the interiors 
of the moon and Mercury. For no heat losses: 
H= fl.T p Cp/M 
where His the heat- source density in erg em - 3 s- 1 , 
fl.T is the required temperature rise, pis the density, 
Cp is the specific heat, and !:lt is the available time . 
(The decline of released energy with time has been 
116 
neglected.) For the moon, !:lT= 10 3 °C perhaps; 
pCp == 6 · 107 , a typical value for silicates, and for 
!:lt=O .S ·109 year,H==8 ·10-6 ergcm-3 s-1 . 
This concentration is 3- 4 times the average values 
inferred for lunar, terrestrial, or chondri tic material. 
For Mercury, l:lTmay be 2 · 103 °C, and the mini-
mum required concentration of heat sources would 
be greater. It seems very doubtful that long-lived 
radioactives could be primarily responsible for early 
differentiation. 
Other energy sources have often been considered 
for heating during or soon after formation: short-
lived radioactive elements (Urey, 1955a) , tidal dissi-
pation (Kaula , 1963) and induction heating in an 
early intense solar wind or hydromagnetic wave field 
(Sonett et al., 1968). Interest in the first has been 
rekindled by the discovery of evidence for 26 AI in the 
early solar system by Lee et al. (1976). However, the 
abundance and distribution of this potential heat 
source remains speculative. The amount of tidal heat· 
ing within the moon depends sensitively on the 
coupled effects of its orbital history and its internal 
dissipation function. It may be possible to quantita-
tively define the conditions under which differentia-
tion of the moon could occur by this process , but this 
has not yet been done. Burns (1976) has estimated 
the tidal heating for Mercury and found it to be small 
(see also Solomon, 1976). Heating by solar-wind 
induction is potentially a significant energy source, 
but to be effective it is required that the sun must 
have gone through a rapidly-rotating strong-magnetic-
field T-Tauri-like phase. The existence of these, and 
other requirements, are unverifiable at present. 
4. Energy required to keep the core molten 
The energy dissipated in an hypothetical Mer-
curian core dynamo was estimated by Gubbins 
(1977) to be only a few times 1010 erg s- 1 . A negligi-
ble dissipation would also be expected for a lunar 
dynamo. However, the requirement that the core 
remain molten for the lifetime of the dynamo is a 
much more severe constraint. First, suppose that ther-
mal convection is responsible for the fluid motions 
within the core. The heat flow out must then be at 
least k(dT/dr)actiabatic, evaluated at the boundary of 
the convecting region (here k is the thermal conduc-
tivity). The only significant reservoirs of energy 
known to be available within the core are the latent 
heat of fusion and the internal energy of the core 
material. (Gravitational energy released upon con-
traction due to solidification is negligible). If we 
assume for the moment that the drop in temperature 
of the core is small so that we can neglect the con-
tribution from internal energy, the maximum time 
for the core to solidify (corresponding to the mini-
mum convective heat flux) is given by: 
R"PHr 
tmax = ( / ) 3k dT dr adiabatic 
where R is the radius of the convecting core, and p 
and Hr are its mean density and heat of fusion in 
erg g-1 . The adiabatic gradient is equal to pg7T/ Ks, 
where g is the gravitational acceleration, 'Y is the 
Griineisen parameter and Ks is the adiabatic incom-
pressibility . Substitution of this expression into that 
for tmax yields: 
(Hr/Tm)Ks 
t max = ---,---=-
4nk'-ypG 
where we have used g = 4nG/iR /3, G is the gravita-
tional constant, and T m is the melting temperature. 
The maximum solidification time depends on the 
relative size of the core only through the pressure 
dependence of the terms on the right. For values of 
the parameters typical of Fe at lunar pressures, tmax 
== 1.9 · 109 year (we have used k = 3.5 · 106 erg K-1 
cm-1 s-1, flr/T m = 1.6 · 106 erg g-1 K-1, Ks = 1.3 · 
1012 dyn cm - 2 , 'Y = 1.6 and p = 7). For Mercury, 
where the core-mantle boundary would be at rough-
ly twice the pressure as that for the moon, the 
entropy of fusion flr/T m is expected to be somewhat 
less; k, Ks, and p would be greater. The net result 
would not be much different from that calculated 
above. However, the potential contribution from 
internal energy, which is small for the moon, could 
be significant for Mercury. If the core temperature is 
initially at the melting curve, the maximum internal 
energy available before complete solidification is: 
R 
4n J r 2 dr pCp [T m(r)- T m(R)] 
0 
~.SnR 3pCp[Tm(O)- Tm(R)] 
where pCP is the average internal energy density per 
degree, and we have approximated the melting curve 
by a parabola. With the estimates T m(O)- T m(R) = 
800 K, pCP = 5 · 107 erg K- 1 cm-3 and R = 1,900 
km, we find tmax = 3.1 · 109 year. 
For the moon, it seems that a convective dynamo 
maintained by solidification of an Fe core might have 
survived for the time required to magnetize the 
regions sampled by the Apollo missions; for Mercury, 
it seems doubtful that such a dynamo could have 
lasted until today unless formed later than 3 b .y. ago. 
However, it is clear that the results are such that 
uncertainties in the relevant parameters must be 
reduced before firm conclusions can be made. (For 
tl1e earth Ks is increased by an order of magnitude ; 
it therefore seems quite possible that the geodynamo 
is maintained by solidification of the inner core.) 
Obviously there are a number of ways in which a 
dynamo explanation of Mercury's magnetic field 
might yet be rationalized. There could be other 
energy sources in the core; but the evidence is against 
significant amounts of U or Th being retained in an 
Fe core (Urey, 1955b ), and an unreasonably large 
amount of K would be required. [The estimate of 
156 ppb 4 °K by Toksoz and Johnston (1976) is 
relevant, though they did not consider precisely the 
same circumstances as considered here.] The core 
may contain a substantial amount of impurities, 
which might alter the adiabatic gradient and other 
physical and thermal properties in a favorable way. 
Or the dynamo may be driven by some mechanism 
other than thermal convection, in which case the 
minimum heat flux calculated above is not relevant. 
5. Heat transfer through the mantle 
The core solidification times estimated in the pre-
vious section were maximum lifetimes of convecting 
dynamos, with no ad hoc heat sources. How long 
such a core could actually last depends on the rate of 
heat transport permitted through the mantle . If the 
mantle is stable against thermal convection, it tends 
to insulate the core because of its lower thermal con-
ductivity. The heat flow from the core would either 
be reduced to that which the mantle could accom-
modate (in which case core convection may not be 
possible), or the temperature at the core-mantle 
boundary would rise until the mantle convects, either 
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as a solid or liquid. Suppose, for example, that the 
core melting temperature is equal to or greater than 
that of the mantle at their interface. Then, if the 
core is molten, the lower mantle must also be molten, 
and the heat flow from the core will be that corre-
sponding to the core-material melting-curve gradient 
(which probably exceeds the adiabatic gradient for 
both Mercury and the moon). The heat is carried by 
liquid convection through the lower mantle . This is 
the case which corresponds to Siegfried and Solo-
mon's (1974) thermal models of Mercury, in which 
the core always solidifies in about 1.5 b.y. On the 
other hand, if the mantle melting temperature is 
greater than that of the core at their boundary, the 
temperature in the outer core increases above the 
melting point, while the gradient decreases, thereby 
reducing the heat flow from the core. Fricker et al. 
(I 976) have calculated such a model for Mercury, 
with a 200°C melting-temperature discontinuity at 
the core-mantle boundary. The result is that the 
outer 500 km of the core (approximately half of its 
mass) remains molten for longer than 4.5 b.y . The 
gradient in this region is sub-adiabatic, and the 
hypothetical dynamo could not therefore be ther-
mally convective in their model. 
The above discussion must be modified if heat is 
transported in the mantle by convection below the 
solidus. Runcorn (1962, 1974) has long argued that 
this is the case for the moon. His contention is sup-
ported by a host of theoretical papers (Schubert et 
al., 1969; Turcotte and Oxburgh , 1969; Tozer, 1972; 
Cassen and Reynolds, 1974, among others), but in 
the absence of convection-induced tectonic features, 
it is difficult to confirm observationally. Kuckes 
(I 974) has argued that the flattening of the lunar 
temperature profile below 250 km, as inferred from 
electrical conductivity measurements, indicates a con-
vectively controlled interior. Sjogren and Wollen-
haupt (I 976) have confirmed the conclusion of Run-
corn and Shrubsall (1968) that the maria and high-
lands lie on ellipses which deviate from equipotential 
surfaces. Runcorn (1974) proposes that this is due to 
solid convection since the time of maria formation. 
Cassen et al. (1976) and Toksoz and Hsui (1976) 
have concluded that mantle convection was also 
probably important for Mercury. Like the moon, 
Mercury displays no obviously convection-induced 
surface features, presumably because of a thick litho-
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sphere. The figure of the planet is known to deviate 
from hydrostatic equilibrium (Solomon, 1976); 
whether or not this is due to convection is unknown. 
The rate at which a convecting mantle removes 
heat from a molten core depends on, among other 
things, the effective viscosity of the mantle and the 
heat source density within the mantle. The cooling 
efficiency of convection is increased as both of these 
quantities are reduced. This effect is illustrated sche-
matically in Fig. 1, which is a plot of the heat flow 
out of the core q, vs. the volumetric energy source H, 
assumed to be uniform throughout the mantle. The 
temperature at the core-mantle boundary is fixed 
at the core melting temperature. H = 0 corresponds to 
a maximum q, greater than the steady-state conduc-
tion value, its precise value depending on the viscosi-
ty. In this case, convection is driven entirely by the 
temperature difference between the core and the sur-
face of the planet. AsH increases, convection is 
driven more by mantle heat sources, and q decreases. 
At some value H0 , there is enough energy generated 
within the mantle so that no heat is removed from 
the core even with convection. If H > H0 , heat would 
flow into the core, if the temperature at the core -
mantle boundary somehow remained fixed. Of 




Fig. 1. Schematic representation of the heat flux q from a 
molten core, as a function of the heat-source density H in a 
convecting mantle above the core. 
The core is cooled most rapidly when H = 0, and for H = 
Ho, no heat is removed from the core. The value of qmax 
depends on the mantle viscosity, but is typically a few times 
the steady-state conduction heat flow from the core. Ho for 
both the moon and Mercury is greater than that which would 
be provided by present-day chondri tic material, if the viscos-
ity is about 1022 P. 
would increase until the mantle melted, at which time 
liquid convection would occur. It should be noted 
that heat sources which have been transported to the 
surface of the planet do not affect the thennal state 
of the planet in any way - they merely add to the 
total flux from the surface. 
For the moon, if we assume an effective mantle 
viscosity of 1022 P and an Fe core with radius of 350 
km, qmax '=" 75 erg cm-2 s-1 , which results in core 
solidification in about 108 year (Cassen and Young, 
1975). A heat source density of about 5 · 10- 7 erg 
cm-3 s- 1 would be required to make q = 0. This 
value is 50% greater than the maximum allowable as 
deduced from the surface heat-flow measurements of 
Langseth et al. (1976). An Fe core in the moon is not 
likely to remain molten very long in the presence of 
solid convection. 
For Mercury, H0 > 4.6 · 10- 7 erg em - 3 s-1 (for 
viscosity= 1022 P) (Cassen et al., 1976). Again, a high 
heat-source concentration compared to that provided 
by terrestrial or chondritic radioactive abundances is 
required to maintain a molten core over the lifetime 
of the planet, in the presence of mantle convection. 
6. Conclusion 
At the present stage of exploration of the planets, 
it seems worthwhile to test our theories of planetary 
magnetism and evolution using the simplest hypothe-
ses that relate the two. Although the evidence for a 
metallic core in the moon is marginal at best, and for 
Mercury is completely circumstantial, core dynamo 
explanations of the magnetic fields of these two 
bodies have the virtue of having relatively model-
independent relationships to thermal evolution. The 
examination of these relationships can be taken as a 
test of our models of evolution, or a test of the dyna-
mo hypothesis, depending on which of these one 
believes in most. We have attempted to apply the 
tests by invoking as few ad-hoc processes and energy 
sources as possible. Under these conditions, it is diffi-
cult to reconcile the dynamo hypothesis with models 
of thennal evolution of the moon and Mercury. Gen-
erally speaking, the models indicate that planets as 
small as these cool too fast to retain molten Fe cores 
long enough to explain their magnetism. There are 
several ways to avoid this conclusion, of course, but 
more data will be required in order to evaluate the 
alternatives. The value of thermal history models at 
this stage is in defining the alternatives, and in iden-
tifying critical quantities. For instance, it would be 
valuable to have measurements of the entropy of 
fusion, specific heat, and other thermodynamic prop-
erties of Fe (and its alloys) at kilo bar pressures, in 
view of the tentative conclusions drawn from the 
calculations of maximum lifetimes of convecting 
cores. The dependence of solid convection on rheo-
logical properties is well known, but the abundance 
and distribution of heat sources are also seen to be 
crucial. Techniques for evaluating the efficiency of 
convective heat transfer in a variety of geophysical 
circumstances must be refined. 
Our first close-up look at Mercury , revealing that 
planet's remarkable similarities with and dramatic 
differences from the moon, has challenged our 
theories of the evolution of planetary interiors in a 
quite unexpected way. Our understanding of the 
terrestrial planets cannot help but be sharpened by 
the comparison of these two bodies. 
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A single model for the terrestrial planets based upon the structure inferred for the lunar interior is devel-
oped, which subdivides them according to size . It is probable that planetary bodies smaller than the moon 
have never melted but they could still carry a memory of an early intense solar-system field. The magnetic 
fields of Mercury, Mars and Venus can be explained in terms of a crustal remanence which is a memory of a 
primitive internal or external field. The earth's present field, on the other hand, is due to an active internal 
dynamo. 
1. Introduction 
All of the terrestrial planets and Jupiter, now have 
observations which either detect a magnetic field or 
place an upper limit to the dipole moment (see Table 
I). However, the source of these fields is not well 
understood. Ness et al. (1974a, b, 1975a, b) and 
Dolginov (1976) have studied the recent data on the 
planetary fields. Dolginov shows that while the field 
strengths of the earth and Jupiter are greatly differ-
ent, their field topologies exhibit a remarkable 
similarity. The very large fields are believed to origi-
nate in motions in a fluid core as a result of presently 
active dynamos. Studies now center on developing 
kinematic and dynamic models of this process (Gub-
bins, 1974;Busse, 1976;Dolginov, 1976). 
We present here a model of planetary magnetism 
which could account for the magnetic field of bodies 
smaller than the earth without invoking a dynamo. In 
this paper we will present a model in which the 
observed planetary magnetic fields are a consequence 
of the initial thermal state. 
2. The accretion model 
Over the past several years, the accretion model 
for the formation of planets has become popular 
(Mizutani et al., 1972; Safronov, 1972; Johnston et 
al., 1974; Strangway and Sharpe , 1975). This model 
has become much more accepted as a result of 
geochemical and geophysical data which suggest that 
the initial temperature of the moon was strongly 
peaked toward the 1 unar surface (Hinners, 1971 ; 
Ringwood , 1971; Wood, 1971; McConnell and Gast, 
1972). Observations of the surface of Mercury suggest 
that the surface materials are similar to those of 
the lunar highlands, in which case they are composed 
largely of anorthosite (Adams and McCord, 1976). By 
analogy, this implies that at least the outer crust of 
Mercury was molten early in its history. Evidence 
that the outer regions of Mars have been thermally 
active is seen by the presence of huge volcanoes as 
well as a low value for the moment of inertia (John-
ston et al., 1974). We know that the earth is an 
extremely differentiated body, and from paleomag-
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netic studies (Schwarz and Symons, 1968) the core 
must have segregated out at least 2.5 b .y. ago. Tozer 
(1972, 1974) has argued convincingly that any 
thermal models which suggest that the earth differen-
tiated subsequent to its formation as a result of 
radioactive heating, require the establishment of 
temperature profiles which are convectively unstable. 
Convection would limit heating locally so that 
melting could never occur. With observational evi-
dence now suggesting that most of the planets have 
had melting, at least at some time in their remote 
past in their outer regions, the attractiveness of the 
accretion model of formation is strengthened. 
It is clearly understood that there may be many 
causes of early heating in a planetary body. Among 
such causes being considered are short-lived radioac-
tive isotopes, in particular 26 Al as discussed by Lee et 
al. (1976). The effect of these isotopes would be to 
provide heat through the whole body if the accre-
tion time was significantly less than the half-life. 
Another cause often discussed is eddy currents as a 
result of large fluctuations in magnetic field such as 
might be associated with a T-Tauri phase (Fowler et 
al., 1962). Since induction is proportional to sR 2 
(where s is conductivity, R is the radius) we can see 
that this process is likely to be most effective in the 
outer part of planets. Wetherill {1976) has examined 
the effect of a small number of large impacts late in 
lunar history and consider that these could lead to 
crustal melting. 
While it is difficult to draw positive conclusions 
about the early heating process we have chosen to use 
a simple accretional model since it can be treated 
quantitatively. As a planet grows by accretion the 
following balance of energy must be satisfied at all 
times (Mizutani et al., 1972): 
p (G~(r) + v;) ~~ = ea(T4(r)- J'6) 
dr 
+ [pCp(T(r) - Tb) + pL] dt 
+ other energy sinks 
where 
p = density of the incoming material 
(1) 
v~ =velocity of the accreting material far from 
the planet 
M(r), T(r) =mass and temperature, respectively, of 
the planet at radius as it grows 
Tb =base temperature of the incoming mate-
rial 
T3 = ambient temperature of the space region 
surrounding the planet 
CP =specific heat capacity 
L = specific heat of fusion 
E = emissivity to space of the planet's surface 
G =gravitational constant 
a = Stefan-Boltzmann constant 
The left-hand side of eq. 1 gives the rate of incoming 
energy per unit area at the surface of a planet of 
radius r, and which is growing at the instantaneous 
rate dr/dt. The right-hand side gives the various sinks 
for this energy, being principally the energy radiated 
back to space and that which heats the incoming 
material, possibly melting it. Other energy sinks 
include heating of the in-situ material, propagation 
of energy into the interior, local mechanical work 
done in shattering and excavating, plus others. These 
are not important in the first-order models discussed 
here. 
We may define the "conversion efficiency" at 
radius r, E(r), as that fraction of the incoming energy 
which is converted to heating the accreting material. 
Thus from eq. 1 we have eqs. 2 and 3: 







w[T\r) - Ti] +other energy sinks 
E(r) = 1 - (3) 
p~(GM(r) + v~) 
dT r 2 
We make the following assumptions: 
(1) v~/2 << GM(r)/r; i .e. the velocity of the 
accreting material far from the growing planet is 
much less than the excape velocity at the surface. 
This assumption is valid for reasonable values of v ~ of 
0.5 km/s (Alfven and Arrhenius, 1976) for radii 
greater than about 500 km . 
(2) Tb = 0°K, i.e. the temperature of the accreting 
material far from the nucleus is the same as that of 
outer space. We will return to this point later. 








Fig. 1. Conversion efficiency required for melting of accret-
ing material at the surface of various-sized objects of mass 
M and radius R (for a silicate planetesimal). 
1.2 J g- 1 oc- 1; L = 400 J/g (Toksoz eta!., 1972.)] 
and using a mean planet density of 3.34 g/cm3 , we 
can use eq. 2 to determine at which minimum radius, 
local surface melting of the accreting planetesimal 
could commence, if the conversion efficiency were 
100%. For this calculation T(r) = 1 ,100°C, the 
atmospheric-pressure melting point for olivine (Ken-
nedy and Higgins, 1973). Performing this calculation , 
we obtain a radius of 1 ,490 km, only 250 km smaller 
than the present lunar radius. Fig. 1 is a plot of the 
required conversion efficiency for local surface 
melting for various-sized objects. While this plot is for 
a pure silicate composition, the curve will not be 
significantly altered by using material constants more 
closely reflecting the compositions of the various 
planets. We note that an object striking the surface of 
the moon today will just melt provided the conver-
sion efficiency is about 70%, while for the earth 
today an efficiency of only a few per cent is needed. 
3. Initial thermal state- The moon and planets 
Considerable geochemical and geophysical evi-
dence exists to suggest that the outer regions of the 
moon have been melted. Seismic studies (Nakamura 
et al., 1976) show a crust on the front side 50-60 krn 
thick. Its properties resemble those of plagioclase and 
this is underlain by an "upper mantle" 250- 300 km 
thick, which resembles an olivine- pyroxene com-
position. Chemical studies show that the outer parts 
of the moon are extensively depleted in volatile 
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elements (Gast, 1972). Several authors have proposed 
various initial depths of melting using homogeneous 
and non-homogeneous accretion models to explain 
these results [150-450 krn, Gast (1972); 150 km, 
McConnell and Gast (1972); 800 km, Toksoz and 
Johnston (1974); 150 km , Strangway and Sharpe 
(1975)). In this paper we have made the assumption 
that the moon is formed by homogeneous accretion 
and that it initially melted during the process to a 
depth of 150 km thus forming the 60 km anorthosi-
tic crust. This assumption was specifically made to 
permit us to see if it was possible to develop a model 
which could account for the planetary magnetic fields 
with such a class of models. With this assumption 
the required conversion efficiency for melting is 87%. 
The specific depth of melting we choose is not criti-
cal to the models we present. What is critical is the 
model chosen in which the initial melting takes place 
in the outer part of the moon. 
The consequence of this is that the outer 24% by 
volume of the moon is initially differentiated and by 
applying the same model , the outer volume fractions 
of Mercury, Mars and the earth initially differentiated 
would be 72, 90 and 98%, respectively. 
A study of eq. 3 shows that the conversion effi-
ciency of 87% could be obtained if there was a very 
opaque atmosphere during accretion and/or a high 
value for the accretion rate once a radius on the order 
of 1,000 km has been reached. We see the crucial im-
portance of the final size of the planet in determining 
its extent of differentiation. Objects such as the aster-
oids much smaller than about 1 ,500 km could never 
have melted at the surface during formation since not 
enough gravitational energy is present to cause the 
required temperature increase even if the conversion 
efficiency is 100%. 
4. Chemical oxidation and reduction 
Nebular condensation models of the solar system, 
suggest that the various planets formed out of ma-
terial which had condensed at decreasing tempera-
tures with increasing heliocentric distance (Lewis, 
1972; Grossman and Larimer, 1974). In this model, 
the degree of oxidation increased moving out from 
the sun, Mercury being accreted at temperatures at 
which metallic Fe would condense while Mars would 
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accrete with oxidized Fe. Ringwood (1966) suggests 
that the differences in the mean densities of the 
planets can be explained by the varying degree of 
their initial oxidation states. In the next section on 
magnetic fields, we will be concerned with the quan-
tity of metallic Fe present in planetary crusts. We are 
therefore interested in how the accretional energy 
would increase the amount of metallic Fe, by reduc-
ing Fe oxide. As Ringwood (1966) indicates, reduc-
tion, if it occurs, must take place after melting since 
the reducing process liberates gas. We can obtain a 
lower limit to the extent of reduction by consider-
ing the energy required to reduce the completely 
oxidized primitive Type-I carbonaceous chondrites. 
Gast (1972) has suggested that the interior composi-
tion of the moon approaches a chondritic composi-
tion while from the cosmochemical formation models 
of Lewis and Grossman, Mars should have accreted 
from completely oxidized material. 
Using a reduction energy for this endothermic pro-
cess of 350 cal./g (Ringwood, 1959) we obtain Fig. 2 
using various assumed conversion efficiencies. From 
this figure we see that for a conversion efficiency of 
85%, almost all of the Fe oxides which initially 
accreted in the earth, would be reduced to metallic 
Fe, while in Mars only about 80% of the oxides could 
be reduced. This process permits the earth to develop 
a molten Fe core even though the accreting phase was 
oxidized. Mercury would also have a molten Fe core, 
and a solid inner core. Initially, Mercury, Mars and 
Venus would have the internal physical structure 
necessary for a dynamo to operate. Objects smaller 
f 
(M/R) 
Fig. 2. Fraction (f) of the planet's volume which is reduced 
following reduction of the melt zone formed during accre-
tion . Per cent curves are the assumed conversion efficiencies . 
than the moon will, however, preserve their primitive 
thermal structure, never having undergone melting. 
Of course other sources of energy such as short-lived 
radioactive isotopes and T-Tauri heating could cause 
melting of these small bodies. If these objects possess 
a magnetic field today, our model assumption of 
accretional heating would exclude a dynamo mech-
anism. 
5. Fossil remanent magnetization 
We now examine the possibility that the present-
day magnetic field of the planets is a memory of an 
ancient, now extinct field, preserved somewhere in 
the planet's interior. The source of this hypothetical 
extinct field could be of external or internal origin, 
and the manner in which it was acquired and main-
tained would be a function of the initial thermal 
state and subsequent thermal evolution of the planet. 
An external source, could be large , solar system-wide 
fields present during the formation of the planets 
(Alfven and Arrhenius, 1976). It could also be 
associated with a close approach to another planet 
which in itself possessed a large magnetic field. An 
internal source could be a dynamo which has since 
ceased to operate or it could be a magnetization of a 
cool interior portion of the planet acquired during 
accretion or subsequently by exposure to a field. 
We will find it useful to consider two fossil re-
manences: primitive remanence and crustal remanence. 
We define primitive remanence to mean that a mem-
ory is preserved in material which has never been 
melted. This remanence could be due to isothermal 
remanent magnetization (IRM), to viscous remanent 
magnetization (VRM), to depositional remanent mag-
netization (DRM) or chemical remanent magnetiza-
tion (CRM). We define crustal remanence on the 
other hand to mean that the magnetization was 
acquired as melted material solidified and cooled 
below the Curie point in the presence of a field, thus 
acquiring a thermal remanent magnetization (TRM). 
In our accretion model, asteroid-sized objects could 
acquire a primitive remanence throughout, if a field 
were present during accretion and if this field had a 
fixed component relative to the asteroid during the 
accretion period. While the interior may subsequently 
heat above the Curie point, simple calculations show 
that there will always be a cold outer shell due to the 
high surface area/volume ratio. Planets similar in size 
to the moon could acquire both a crustal remanence 
and a primitive remanence. In fact, in an earlier paper 
(Strangway and Sharpe , 1974) we proposed that a 
primitively magnetized lunar interior could be the 
source of the inferred paleo field for the lunar basalts 
which formed in the period between 3.9 and 3 .2 b .y . 
This primitive remanence was subsequently lost as the 
interior warmed above the Curie point, leaving today 
only a weak crustal remanence. The source of the 
crustal remanence could have been the same external 
source which magnetized the interior, or it could have 
been the primitive internal field itself. 
It is unlikely however, that planets as large as 
Mercury could preserve a primitive remanence. This 
is because the pressure at the base of the crust is suf-
ficiently high to reduce the Curie point of any primi-
tively magnetized material beneath the crust to values 
so low that only minor heating should destroy the 
remanence. Hence, the fields observed today for these 
planets , within the context of the fossil remanence 
model, would be due to a crustal remanence only and 
the field intensity would depend among other things, 
upon the volume of the magnetized crust. For planets 
as large and as thermally active as the earth, the dy-
namic state of the crust has long ago destroyed most 
of the fossil record of early fields. 
6. The remanence carriers 
It is known that the magnetic properties of the 
lunar igneous rocks are due to metallic Fe which has 
enabled these rocks to retain a remanence over the 
past several billion years (Gose et al. , 1973). If we 
postulate that fossil remanences in other planets are 
carried by similar material, then the dominant param-
eter which determines the retention of this rema-
nence is temperature. The Curie temperature is the 
temperature at which the spontaneous magnetiza-
tion of the material goes to zero so we are interested 
in the approach to this temperature in planetary 
interiors. The Curie temperature of Fe at atmospheric 
pressure is 780°C, so that for reasonable thermal 
models of planets much larger than about 1,000 km it 
is unlikely that the interiors could be kept so cold for 
very long. This is because the initial accretional heat 
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and subsequent radioactive heating depend on the 
volume of the planet (mass) while the cooling rate for 
sub-convective temperatures [convective transport of 
heat does not become significant until temperatures 
in excess of about 1 ,000°C (Tozer, 1972, 1974)] is 
proportional to the surface area. We have shown 
earlier (Strangway and Sharpe, 197 5; Sharpe and 
Strangway , 1976) that to preserve internal regions 
in the moon below the Curie point for times on the 
order of a billion years, it was necessary to resort to 
an extremely cold initial temperature profile as well as 
to low heat-source concentrations and/or high ther-
mal conductivities. Further , the Curie point of Fe 
decreases with pressure at values greater than 18 
kbar (Leger et al., 1972) where the ex-')' phase bound-
ary is intersected, cx-Fe the low-pressure phase, is 
ferromagnetic but ')'-Fe , the high pressure phase is 
paramagnetic. The Curie point then necessarily shows 
the same pressure dependence as the ex-')' phase 
boundary. At pressures about 110 kbar, cx-Fe under-
goes a further transition to a high-pressure non-mag-
netic €-phase for all temperatures below the ex-')' 
boundary (Jayaraman and Cohen, 1970). At this 
pressure , Fe effectively ceases to be ferromagnetic . 
While this pressure effect is not serious for the moon 
where the central pressure is about 40 kbar, it 
severely limits the depth of any initial primitive re-
manence in Mercury , Mars and Venus where the 1 00-
kbar pressure level is reached at depths of only 660, 
1 ,000 and 420 km, respectively. Further, assuming 
our initial thermal models discussed earlier where 
accretional melting commenced at a radius of 1 ,588 
km for a conversion efficiency of 87%, we see that 
none of these planets could maintain a primitively 
magnetized interior region at any time in its early 
history , provided the remanence is carried by metallic 
Fe. The effect of alloying small amounts of Ni with 
Fe at atmospheric pressure is to reduce the Curie 
point of the mixture below that of pure Fe (Vogt, 
1969). Further, Co does not show any pressure effect 
on its Curie point up to 60 kbar (Leger et al., 1972). 
However, no data is available on the corresponding 
pressure effect on the Fe- Co alloy. Therefore, plan-
ets as large as Mercury , Mars and Venus are only capa-
ble of acquiring a crustal remanence if we assume 
that the outer shell was melted during the accretion 
process. Due to the high surface temperature of 
Venus which is only a few hundred degrees below the 
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Curie point of Fe, it is unlikely that any significant 
crustal remanence could be preserved to the present 
due to the decrease in the relaxation time at this 
elevated temperature (Dunlop, 1973). 
7. Planetary magnetic field models 
On the basis of the present-day observed fields 
and a possible early solar-system magnetic field, we 
can determine the crustal metallic Fe concentrations 
and/or crustal thickness required to account for the 
observations . It will be seen that only very small con-
centrations of Fe and/or very thin crustal layers are 
required to account for the observed fields. This fact 
will lend support to the fossil remanence model to 
account for the weak magnetic fields of Mercury and 
Mars and the almost total lack of a field on Venus 
and on the moon. In these calculations we will 
assume the upper limit of the Venusian magnetic 
field (Table I) as determined by Russell (1976). 
7.1. The moon 
The moon today does not have a detectable dipole 
field and yet the lunar samples, both breccias and 
basalts , infer that a surface magnetic field once 
existed . The strength of this field is the subject of 
considerable discussion but is thought to have been 
between 2,000 nT and 1.0 Oe (Fuller, 1974) in the 
period from 3.9 to 3.2 b.y. We showed earlier 
(Strangway and Sharpe, 1974) that 3% of metallic Fe 
distributed in the lunar interior and exposure to a 10-
TABLE I 
Planetary magnetic fields 
Mercury 





Moon - present 
- ancient 
Carbonaceous chondrites 
Dipole moment (C.G.S.) 
5.1 . 1022 
< 8 . 1021 
6.5 . 1022 
8 . 1025 
2.4 . 1022 
1.44. 1030 
< 1.3 . 1018 
1023 
Oe external field would give a surface dipole field 
with a value of 2,000 nT. If the crust as a whole con-
tains 3% metallic Fe (anorthosite plus residue) we 
might expect the average magnetization of the crust 
to be such as to give a modern-day dipole moment of 
1022 g cm 3 which is four orders of magnitude greater 
than the upper limit observed . 
The reasons for this discrepancy could be as fol-
lows : 
(1) Fe is enriched below the anorthosite in a 
region which is warm enough to be near the Curie 
point. 
(2) The crust does not have 3% Fe. 
(3) The source of the field may have been an inter-
nal dynamo so that the crustal moment left was 
reduced from that otherwise expected (Runcorn, 
1975b ; Srnka,l976) 
In any event the moon does not now have a primi-
tive remanence nor does it have a crustal remanence 
at the detectable level. It is possible however, that it 
did have either a primitive remanence or a crustal 
remanence early in its history . 
We have no way of knowing, of course if such 
large fields were present in the early solar system but 
the limited evidence from meteorites (Banerjee and 
Hargraves, 1972; Brecher, 1972; Butler, 1972; Lanoix 
et al., 1977) implies that fields up to several Oersteds 
at least were present. If these values apply to the 
asteroid belt then fields up to several hundred Gauss 
may well have been present. In this case we require 
only that a portion of the crust of the planets con-
tained a small amount of metallic Fe and that they 
cooled below the Curie point while that field was pres-
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ent. The field of Mercury could then be a crustal 
remanence as could the field of Mars. The fact that 
Venus has essentially no dipole moment could be due 
to the fact that its high surface temperature leaves 
almost no material below the Curie point. The fact 
that the moon has essentially no dipole moment 
today is probably due to the fact that the anorthosit-
ic crustal material is almost non-magnetic and carries 
very little remanence. A crust 50 km thick of anor-
thosite with a magnetization level of2 . w-7 e.m.u./g 
would only have a dipole moment of 1.2 · 10 18 g 
cm 3 . 
7.2. The planets 
The solar-system formation model of Alfven and 
Arrhenius (1976) requires the existence of an intense 
solar dipole magnetic field at the time the planets 
formed with a minimum dipole moment of 5 · 1040 
gem 3 . If the field through the solar system is purely 
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Fig. 3. Volume per cent metallic Fe requifed in the crusts 
of Mars, Venus and Mercury to explain their present-day 
dipole fields as a crustal remanence of an early intense solar 
magnetic field. Shown as a function of crustal thickness. 
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see that the field strength at the various planetary 
distances is as follows: Mercury, 257 Oe; Venus, 40 
Oe; earth, 15 Oe; Mars , 4 .2 Oe and further that the 
orientation is roughly parallel to the rotation axis . 
If we now assume that the present-day dipole mo-
ments of Mercury , Venus and Mars are due to crustal 
remanences carried by metallic Fe with similar 
properties to Fe in the lunar crystalline samples we 
can determine the quantity of metallic Fe required 
to produce the present-day dipole field for an 
assumed crustal thickness. The results are shown in 
Fig. 3, along with representative values of the total 
Fe content of various solar-system objects. We note 
that for Venus and Mercury, crusts as little as 6 km 
thick, would require only about 1% by volume of 
metallic Fe to produce their presently observed 
dipole fields. For Mars, a crust about 30 km thick 
would also need only about 1% by volume of metal-
lic Fe. 
8. Summary 
The main results of this paper are summarized in 
Fig. 4. Having inferred the efficiency of the accre-
tion process from information relevant to the moon's 
Thermal History and Magnt1tic Fitllds ___ _ 
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Fig. 4. The thermal and magnetic consequences of the size of 
a planet. 
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formation and assuming that this same process was as 
efficient during the formation of the other planets, 
we may infer the following general features of the 
nature of planetary magnetism. 
8.1. Category A 
Objects accreting to a final radius less than about 
1,588 km will always be able to retain a primitive 
remanence independent of their heat-source concen-
trations. This is due to the efficient cooling in their 
outer regions and to the fact that these regions have 
never melted. The remanence may, however, be 
destroyed in the interior where for sufficiently high 
heat-source densities, convection may also take place. 
Objects in this category can necessarily only be mag-
netized by an external field since they never had a 
fluid core. 
8.2. Category B 
This category covers the transition from a planet 
with a pure primitive remanence to one with a pure 
crustal remanence. Once accretional melting is pos-
sible, a planet can always acquire a crustal reman-
ence provided metallic Fe is present and provided 
their is a field source, either external or internal. In 
this category, the field source for the internal crustal 
remanence may be internal due to a primitive internal 
remanence. While this primitive dipole field may be 
lost subsequently by internal heating, the crustal 
remanence will be very difficult to remove since it is 
at the cool planetary surface. The only known exam-
ple in this category is the moon. 
8.3. Category C 
This category includes planets with weak crustal 
remanent fields. Primitive remanence is not possible 
because the base of the initial melt zone during accre-
tion now extends below the pressure and tempera-
ture level at which Fe ceases to be ferromagnetic. 
While the source of the magnetizing field may have 
been an internal dynamo it need not be active today. 
In Fig. 4 we note the tendency towards "hotter" 
planets today as the size increases, as well as the 
tendency towards more earth-like internal struc-
tures. The absence of presently operating dynamos 
for planets in this category could be due to the solid-
ification of their Fe cores. 
8.4. Category D 
Planets in this group would be magnetically quies-
cent. The advent of plate tectonics would have 
destroyed the crustal remanence. Further, dynamo 
action is not possible either because the Fe core has 
now solidified or if it is still molten then for poorly 
understood dynamical/compositional reasons. Venus 
belongs on the boundary between this category and 
the last. It is not possible to distinguish between D 
and E on the basis of size alone since the factors that 
control dynamo operation are not well known. 
8.5. Category E 
This category is characterized by an active dynamo 
operating throughout most of the history of the 
planet. The fields in this category are strong, such as 
the earth's. However, it can be expected that as the 
earth's molten core continues to cool it may in the 
future solidify signalling the end of the terrestrial 
dynamo. 
9. Conclusions 
Planets which are observed today to have magnetic 
fields, may be magnetic due to either a presently 
active internal dynamo or due to a fossil remanence, 
depending primarily on the size of the planet. The 
size determines the initial thermal state of the planet 
as well as its ability to cool subsequently. The initial 
thermal state determines whether magnetization can 
be acquired or whether a dynamo can be set in opera-
tion. Its ability to "cool off' determines if the mag-
netization can be retained to the present or if the 
dynamo can continue to operate . 
Fossil remanence can be of two kinds. Primitive 
remanence requires the existence of intense early 
solar-system magnetic fields. Crustal remanence can 
in addition have as its source an internally generated 
field, either primitive or dynamo in origin. For the 
model presented, the common requirement of these 
two mechanisms is that metallic Fe or other magnetic 
minerals be present. These conclusions are based on 
the assumption of an accretional model for all the 
planets . The accretion parameters used are based 
upon the moon's present structure. This approach 
naturally subdivides the planets according to size into 
categories characterized by specific thermal and mag-
netic states. In this model the magnetic state of a 
planet is determined by its thermal state which is in 
turn determined by its size through its accretional 
heat and subsequent cooling. 
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In order to explain why Mercury is trapped in a resonant state of rotation with a period two thirds of its orbital 
period, it has been proposed that the planet departs from hydrostatic equilibrium. It is shown that its gravity field 
must include a second-degree harmonic term. It is argued that this must be caused by convection in the solid interior 
rather than an initial distortion retained by the finite strength of the interior. The presence of an iron core in Mer-
cury poses an interesting question as to why a second-degree harmonic convection pattern in the silicate mantle is 
present and suggested solutions are discussed. 
1. Introduction 
After the Doppler broadening of radar returns 
from Mercury had shown that the planet is rotating 
with a period approximately two thirds of its orbital 
period, telescopic observation of surface markings 
over many years were re-analysed and it was demon-
strated that the planet was rotating exactly in this 3/2 
resonance: opposite hemispheres face the sun at suc-
cessive passages through perihelion. Colombo (1965) , 
Colombo et al. (1967) and Goldreich and Peale (1966) 
have developed a theory. It is assumed that solar tidal 
dissipation in the solid interior ofMercuryhaslength-
ened its rotation period until at some unknown time 
it has been trapped in this particular resonance. It 
would be an improbable circumstance if it were by 
chance that this particular rotation period has now 
been reached in the secular slowing down of its spin 
and that its period will continue lengthening smooth-
ly until it reaches the synchronous rotation state. So 
it must be concluded that Mercury has a non-hydro-
static bulge, in addition to the tidal bulge which ro-
tates relative to it, onto which the sun can "hold". 
Without exact knowledge of the law of departure 
from perfect elasticity of silicates in the interior, the 
magnitude of this non-hydrostatic term cannot be 
determined exactly. Colombo et al. (1967) supposed 
that (A - B)/Cis of the order of 1 o-s where A and B 
are the moments of inertia along and perpendicular to 
the direction of the sun at perihelion and C the polar 
moment of inertia . Goldreich and Peale (1966) show 
that on different hypotheses concerning the nature of 
the tidal dissipation, (A-B)/C could lie between 10-4 
and 10-8. If Mercury were in hydrostatic equilibrium 
this ratio would be exactly zero although of course 
(C-A)/B = (C- B)/A would be 2 · 10- 6 depending on 
the unknown value of CjMa 2 when M is mass and a is 
radius of Mercury. Esposito et al. (1977) find: 
l2 = 3(C- A)/2Ma2 = (8 ± 6) · 10-5 
suggesting that the second-zonal harmonic may have 
the hydrostatic value (1 · 10-5). 
2. Theory of non-hydrostatic behaviour in the terres-
trial planets 
When a planet is found to depart from hydrostatic 
equilibrium only two possible explanations are avail-
able. The first is that the distortion was produced at 
an earlier time and has since been wholly retained by 
the finite strength of a part or the whole of its inte-
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rior, or that the distortion is disappearing through the· 
departure from perfect elasticity of the interior but 
the process is still not complete. The second explana-
tion is that the distortion from the hydrostatic figure 
is maintained dynamically at the present time, i.e. by 
solid-state creep driven by thermal convection. This is 
physically reasonable as planets in thermal equilib-
rium with the same density of heat sources have sur-
face heat flows proportional to their radii so that at a 
certain depth (greater in smaller planets) a tempera-
ture is reached above which, for times of the order of 
the age of the solar system, the interior behaves like a 
fluid with very high viscosity and is incapable of sup-
porting stress differences. Small-wavelength topog-
raphy and gravity anomalies on the earth are obvious-
ly supported by the finite strength of the lithosphere : 
the mascons associated with the circular maria on the 
moon and the great differences in elevation between 
the volcanoes and the basins on Mars show that these 
bodies have stronger, and presumably thicker, litho-
spheres than the terrestrial one. But the theory of the 
long-wavelength anomalies or low harmonics in the 
gravity fields on the earth, the moon and Mars have 
been controversial. Formerly it was supposed that 
these departures from hydrostatic equilibrium were 
due also to the finite strength of their solid mantles 
(Jeffreys, 1976). This view was first challenged by 
Runcorn (1962, 1967a) in the case of the moon and 
by Runcorn (1967b) as an explanation of the low 
harmonics of the geoid: thermal convection was pos-
tulated instead . Runcorn (1967c) also argued that the 
difference between the optical and dynamical elliptic-
Hies of Mars was evidence for convection in its solid 
interior. 
The important discovery of the "anomalous" rota-
tion of Mercury and its explanation of the trapping of 
Mercury in an orbital-spin resonance has been held 
to require a non-hydrostatic second harmonic term in 
its gravitational field. I argue that this can only be ex-
plained by two-cell convection, that is one in which 
the velocity field is of second degree, for the litho-
sphere of Mercury is not likely to be thick enough , 
perhaps about 100 km, to account for such a distor-
tion as its mean surface temperature is about 200°C, 
assuming a surface heat flow proportional to its 
radius, the creep isotherm would be reached at about 
the same depth as in the earth. 
A difficulty now arises : it has been shown (Run-
corn , 1967a) that no internal density variation - and 
therefore no convection pattern - can produce a dif-
ference in the moments of inertia other than those 
described by a harmonic of second degree . The high 
density of Mercury (equal to 5 g/cm3) requires that it 
contains a high ratio of iron to ferromagnesium sili-
cate and it is widely supposed that the iron should 
by now have entirely collected to form a core . On 
this supposition the core is of radius I ,800 km or 
about three quarters of the external radius of Mer-
cury. For convection in a shell the marginal theory of 
convection predicts that for a Rayleigh number just 
greater than the critical value a pattern of a harmonic 
with a single degree should have established itself. 
Chandrasekhar (1961) shows that, for a no-slip bound-
ary condition on the outer surface and a free-surface 
boundary condition on the inner surface of the con-
vecting shell , a sixth-degree convection pattern would 
grow most rapidly and therefore establish itself for 
this model of Mercury (the ratio of inner to outer radii 
between 0.7 and 0.8). These boundary conditions are 
appropriate for a planet with a liquid core and an 
intact lithosphere - there are no obvious plate move-
ments in Mercury . 
3. The necessity of the second-degree harmonic 
It might be thought that any departures from the 
hydrostatic figure with quite complex anomaly pat-
terns, resulting in a number of axes of maximum grav-
ity, would be equally effective in causing Mercury to 
be trapped by the solar attraction . To simplify the 
discussion one imagines Mercury to be a polygonal 
prism rotating about its axis: why cannot the slowly 
decelerating spin bring the planet to a rotation rate in 
which any one of the diagonals lies along the Mer-
cury-sun direction at perihelion? Suppose the gravi-
tational field of Mercury is expressed in a coordinate 
system about its polar axis in the usual form : if U is 
the potential and (r, 8, 1/>) is a field point: 
U= G~ [1 + (~r P:(e) {c: cos(mrf>) + S~ sin (mi/>)}J 
The component of the force on the sun, mass M0 , 
which gives rise to a torque on Mercury is : 
Mo dU --·-
rsin e drp 
As (ajr) = 5 . 10- 8, higher coefficients c~ and s~ 
than those of second degree have negligible effect un-
less C! ,S! ,C~ ,S~ are less than about I o-7 of the 
third-degree terms. 
This same important result can be proved in anoth-
er way . Let Mercury have a density p and the solar 
gravitational potential with respect to coordinates 
fixed in Mercury be V. Then the resulting torque His ; 
v v v 
The second term vanishes as it can be transformd to 
the surface integral: 
which is zero as n is the unit normal to the element ds 




The component of the torque about the axis His 
given by: 
b 21T 1T d 
H = J J J V d~ sin 8 d8 drp dr 
a 0 0 
As Vis of second degree, the higher harmonics of the 
tidal attraction being negligible, H vanishes except 
when p has second-degree terms. 
This result disposes of the possibility that anom-
alies of such a wavelength that they might be retained 
by the strength of the lithosphere - the mascons sup-
posedly suggested by the tracking of Mariner space-
craft (Esposito et al. , 1977)- have any role in the dis-
cussion of the rotation problem. 
4. Conclusions 
Two alternative conclusions present themselves. 
The first is that second-degree convection is occurring 
in the mantle of Mercury even in the presence of a 
large iron core . Thermal convection with a large 
aspect ratio (breadth divided by depth) has been dis-
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::ussed in relation to the idea, formerly popular, that 
;onvection in the earth's mantle is restricted to the 
upper mar:tle. Experiments by Tritton and Zarraga 
(1967) have demonstrated that large aspect ratios are 
obtained when the heat sources are distributed uni-
formly through the fluid . Roberts (1967) has shown 
that the observations can be explained. There has also 
been speculation as to whether the fast convection (1 
cm/s) in the liquid core of the earth could be coupled 
to the slow convection (10 em/year) in the mantle 
so that the cell size might not depend on the geome-
try. This speculation has been prompted by the possi-
bility that a correlation exists between the frequency 
of geomagnetic reversals and the speed of plate mo-
tions. The only plausible coupling agency would ap-
pear to be thermal . Convection in the core is influ-
enced greatly by the dominance of the Coriolis force , 
as pointed out by Runcorn (1954), and motion will 
tend to be eddies, the axes of which are aligned along 
the axis of rotation . The heat transport to the polar 
and equatorial regions would be different and forced 
rather than free convection in the mantle might re-
sult. From this reasoning a second-degree zonal flow 
in the mantle would be expected . However , the har-
monic required to account for the anomalous rota-
tion of Mercury is a sectorial one and not a zonal 
one, and it is difficult to conceive of a fluid core, in 
which turbulence and perhaps high-harmonic convec-
tion is occurring, producing a convection pattern in 
the mantle symmetric about an equatorial axis. The 
presence of a magnetic field in Mercury seems to 
require dynamo action in a fluid core, but if it were 
supposed that the iron core is solid , convection if it 
did occur would be controlled by the Coriolis force 
unless the viscous forces were great. 
The second conclusion is that the iron core of Mer-
cury is small, its radius being between 0.1-0.3 of the 
planet's radius , for such a core is shown by Runcorn 
(1967c) to produce the second-degree convection pat-
tern postulated to occur as in the moon. If this con-
clusion is accepted it follows that the differentiation 
of Mercury is still very incomplete. As in the moon , 
the hemispherical asymmetry suggested by the sur-
face features - the greater prevalence of flat plains of 
lava in one hemisphere -would then be naturally ex-
plained by a primeval single-cell convection pattern 
which might have been present before the present one . 
No convection pattern is likely to be described by a sin-
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gle harmonic and the gravity anomaly referred to above, 
suggested by the Mariner tracking data, may result from 
a higher-degree convection component. The above 
attempt to interpret a fundamental piece of knowl-
edge about Mercury is necessarily speculative, but it 
suggests a decisive test - the moment of inertia factor 
CfMa 2 will be nearly 0.4 on this theory but only 
about 0.25 on the large-core model. The question is 
of fundamental importance in connection with the 
thermal history of planets. The moon was thought 
once to be entirely undifferentiated primeval solar 
system matter, then following the petrological study 
of the returned Apollo samples, the outer part of the 
moon was deemed to have differentiated and now it 
is argued that the whole moon was melted 4.4 · 109 
years ago (Runcorn, 1976). The heat sources in the 
early moon are unknown and it is argued that short-
lived radioactive elements are required for early dif-
ferentiation to be completed. Perhaps Mercury did 
not possess such powerful heat sources. 
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Faulting and volcanism on a planetary surface can be closely related to the therm al evolution of the planetary 
volume. Interior warming leads to global expansion, surface extensional tectonics and a crustal stress system that aids 
surface volcanism. Interior cooling leads to contraction, compressional tectonics and crustal stresses that act to shut 
off surface volcanism. Limits on the sign and magnitude of the change in volume of Mercury and the moon since the 
period of heavy bombardment on both bodies restrict possible early thermal histories. Mercury began hot throughout 
most of its volume, in order to have completed core-mantle differentiation in the fust 0.6 b.y., and has cooled and 
contracted since. Solidification of an inner core in Mercury of up to 60% of the outer core radius is permitted by current 
limits on total contraction of the planet. The moon began with a 200-300 km thick outer shell at near melting conditions 
and a relatively cold deep interior, resulting in modest expansion for the frrst 2 b.y. and subsequent slight contraction. 
The duration of plains volcanism on a planet may be controlled by the length of the period of volumetric expansion and 
crustal extension in the planet's history. On this basis the youngest major units of plains volcanics on Mercury are pre-
dicted to be older than the youngest major mare units on the moon. 
1. Introduction 
The style of crustal tectonics on a planet is inti-
mately related to the thermal evolution of the plane-
tary interior. The relationship is most obvious for 
planets like the earth, on which creation and destruc-
tion of lithosphere is an integral part of the mech-
anism for transferring heat out of the mantle . Tecton-
ics and thermal history are also closely related on 
planetary bodies like Mars , Mercury and the moon 
which lack laterally mobile lithospheric plates. Global 
thermal expansion or contracion of such planets and 
the associated thermal stress can give rise to surface 
faulting and can strongly influence surface volcanism. 
Some general conclusions obtained by relating ob-
served crustal tectonics to possible thermal histories 
for Mars, Mercury and the moon were outlined by 
Solomon and Chaiken (1976). For the moon, the 
absence of large-scale compressional or extensional 
tectonics restricts initial temperature distributions to 
those with near-melting temperatures in the outer 200 
km or so and cold temperatures in the deep interior. 
For Mercury, the lack of global extensional tectonics 
that would accompany core segregation places the 
planetary differentiation event at a time prior to 
emplacement of the oldest major surface unit. A hot 
initial temperature profile is required. The compres-
sional tectonics indicated by the extensive system of 
lobate scarps on Mercury (Murray et al., 1974; Strom 
et al. , 1975) record a period of global contraction sub-
sequent to core infall (Solomon, 1976). For Mars, the 
widespread extensional features of various geologic 
ages (Carr, 1973, 1974; Sharp, 1973) are consistent 
with a relatively cool initial temperature distribution 
and planetary expansion over most of Martian history. 
In this paper these general conclusions are refined 
and extended for both Mercury and the moon by the 
use of additional models and more rigorous equations 
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of state. Specifically : 
(1) The conclusions about early lunar history are 
tested using finite strain theory and depth- and tem-
perature-dependent thermal expansion, instead of the 
uniform thermal expansion coefficient adopted by 
Solomon and Chaiken (1976). 
(2) The conditions which can lead to core differen-
tiation in the first 0.6 b.y. of Mercurian history are 
considered in detail. 
(3) The effect of concentrating radioactive heat 
sources in Mercury 's crust on the predicted contrac-
tion history is explored. 
(4) Quantitative limits on the extent of core 
solidification in Mercury are set by the predicted 
planetary volume change. 
(5) The thermal stresses in Mercury and the moon 
associated with thermal evolution are examined in 
relation to the history of surface volcanism. 
2. Volume change in the moon: refined estimates 
The moon is noticeably devoid of global tectonic 
features indicative oflarge-scale compression , as on 
Mercury, or extension, as on Mars. To account for 
such an absence, the lunar volume cannot have varied 
greatly in time , at least since the era of heavy bom-
bardment. By two lines of argument , a reasonable 
limit on radius change in the last 3.8 b.y. is± 1 km 
(MacDonald, 1960; Solomon and Chaiken, 1976). 
First , a radius change of as little as 1-2 km on Mer-
cury (Strom et al. , 1975) has left a clear signature . 
Second , a 1-km change in planetary radius corre-
sponds to a change in tangential stress in the crust of 
about 1 kbar, probably sufficient to produce faulting 
of the elastic lithosphere. 
The predicted changes with time of lunar radius 
R for a suite of lunar thermal models were determined 
by Solomon and Chaiken (1976), using the relation: 
a R 
t..R(t) = 2 J T(r, t)r2 dr 
R o 
(1) 
where a is the volume coefficient of thermal expan-
sion (4 · 10-5 oc-1) and T(r,t) is the temperature at 
radius r and time t . All models were taken to have an 
initial temperature profile that follows a basalt melt-
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z, km 
Fig. 1 . Initial temperature distribution for lunar thermal 
models. The temperature at time t = 0 follows a basalt melt-
ing curve (Solomon, 1975) from the surface to a depth zo. 
and decreases as r2 below zo to a central temperature Tc. 
Arrows denote schematically the subsequent thermal history 
fo r all models. 
depth z0 and decreases quadratically with r below z0 
a central temperature Tc (Fig. 1 ). The total radius 
change with time was found to be highly sensitive to 
z0 and Tc. Models with acceptably small radius changes, 
given generous uncertainties in assumed parameters, 
satisfied z0 = 200 ± 100 km and Tc < 500°C, or rela-
tively modest thicknesses of an early "magma ocean" 
and cold initial temperatures in the deep interior. 
Because of the importance of this conclusion, it is 
necessary to ascertain the dependence of the calcu-
lated radius change on the simplified equation of 
state used. We therefore repeated the calculation of 
radius change with time for a similar suite of thermal 
models, using first-order Birch-Murnaghan finite 
strain theory. For each temperature profile in ather-
mal history model, the density Po at S.T.P. for a 
moon of given mass and radius is obtained by down-
ward integrating the equations of hydrostatic equilib-
rium: 
dP(r)/dr = - g(r) p(r) (2) 
and isothermal finite strain : 
(3) 
where Pis pressure , g is gravitational attraction, p is 
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TABLE I 
Equation of state parameters for lunar models 
Crust Mantle 
Volume coefficient of thermal expansion ('c- 1) 2.2 • 10-S *I a 1 - a2 / T2 + 2a3T ( *2) (Tin °K) 
1 +a2/ T+a 1T+a3T2 
a1 = 2.2 ·10-5 ;a2= 1.05 ;a3= 7.2 ·10- 9 
Bulk modulus (dyn/cm2) 0.7 . 1012 •3 1.29 • 1012 [1 - 1.5 • 10-4(T- 20°C)] *4 
Density (S .T.P.) (g/cm3) 2.8 •s 
Thickness (km) 70 *5 
• 1 Baldridge and Simmons (1971) , mare basalts and breccia . 
• 2 Skinner (1962), olivine. 
•3 Stephens and Lilley (1970 , 1971) , mare basalts and breccia. 
• 4 Kumazawa and Anderson (1969) , olivine . 
• s Solomon (1975) . 
density, and k T and Pr are the zero-pressure bulk 
modulus and density , respectively , at temperature 
T(r). The quantity Princludes the effect of a temper-
ature-dependent thermal expansion coefficient. In 
practice, eqs. 2 and 3 are integrated using a fourth-
order Runge-Kutta technique , starting with an 
assumed value of Po and then iterating on Po to find 
a solution with no mass remaining on integrating to 
the center. Different equation of state parameters 
are used for the lunar crust and mantle; see Table I. 
The radius R(t) for a thermal model T(r,t) is 
determined by finding at each t that radius which 
gives both the present lunar mass and an S.T.P. 
density equal to that for a moon with the current 
radius and present-day temperature profile. 
The change in radius with time predicted for six 
thermal models using finite strain theory is shown in 
Fig. 2. The thermal models differ in the assumed values 
of z 0 and Tc , within the range of values judged to give 
only modest changes in R(t) by Solomon and Chai-
ken (I 976). The suite of thermal histories is other-
wise similar to those considered by Solomon and 
Chaiken (1976) : the bulk U concentration is set at 
40 ppb in all models to fit the revised Apollo heat 
flow values (Langseth et al., 1976), Th/U scales as 
3.7, K/U scales as 2000, and heat sources are assumed 
to have differentiated upwards in the initially molten 
zone and to have remained undifferentiated below z0 . 
variable 
Most of the models depicted in Fig. 2 have pre-
dicted departures of R from its current values of± 
1 km or less in the last 3.7-3.8 b.y. The smallest 
change in lunar radius for that time period is for 
model e. Models a and d, with 100 km thick initial 
melting, predict too much expansion subsequent to 
Time, b.y. 
Fig. 2. Radius R of the moon vs. time t for a suite of thermal 
history models. 
The initial temperature distribution for each model is that of 
Fig. 1, with z0 and Tc as indicated . Rr, is the current lunar 
radius. 
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mare emplacement (M is 3- 5 km between 0.8 and 
2 b.y.) and can be excluded. Models with z0 > 300 
km predict too much contraction since 3.8 b.y. ago 
and may also be discarded. The effect of changing 
Tc from 0° to 400°C can be seen to affect the total 
volume change only slightly but to shift the period 
of greatest expansion earlier in lunar history by about 
0.6 b.y. Additional minor changes in R(t) may be 
effected by varying somewhat the radial distribution 
of thermal conductivity or of heat-source abundances 
from those adopted here. 
The use of finite strain theory, separate equation 
of state parameters for crust and mantle, and temper-
ature-dependent thermal expansion alters somewhat 
the shape of the predicted R(t) curves over the use 
of a uniform thermal expansion coefficient. Compare 
models b, d and e in Fig. 2 with the same models in 
fig. 2 of Solomon and Chaiken (1976). The differ-
ences are most pronounced for the expansion period 
during the first 2 b.y. of lunar history. Because of the 
relatively smaller thermal expansion in the crust and 
outermost mantle used in this paper, the early cooling 
of the lithosphere does not produce as much contrac-
tion to offset the interior expansion as in the calcu-
lations in which et is uniform. 
The general conclusions of Solomon and Chaiken 
(1976) remain unchanged, however, by these addi-
tional tests. Thermal models predicting departures of 
the lunar radius ofless than ± 1 km in the last 3.8 b .y. 
involve initial temperature profiles with near melting 
conditions to 200- or 300-km depth and relatively 
colder temperatures (0-500°C) for the deep interior. 
Initial heating of the moon was therefore confined to 
the top few hundred kilometers. Further, if a "mag-
ma ocean" existed, its probable thickness was 200-
300 km. 
3. Thermal stress in the moon and mare volcanism 
Thermal stress will be produced in a planet sub-
jected to non-uniform thermal expansion or con-
traction. Consider a time interval !::.t == t 2 - t 1 in 
which temperature changes by: 
Then the changes !::.ar and !::.at in radial and tangen-
tial thermoelastic stress will be given by : 
2E 
!::.ar(r) == [I(R) - /(r)J (4) 
3(1 - v) 
E 
!::.at(r) == [2/(R) + I(r) - et(r)t:.T(r)] (5) 
3(1 - v) 
where 
1 r 
I(r) == 3 J o:(r) t:.T(r)r2 dr 
r o 
(6) 
where E and v are Young's modulus and the Poisson 
ratio, taken spatially uniform (10 12 dyn/cm 2 and 
0.25, respectively), and where stress in eqs. 4 and 5 is 
positive if tensional. 
The response of the moon to thermal stress varies 
strongly with temperature and depth. In the deep 
interior, thermal shear stresses can relax on a short 
time scale by plastic flow and only the stress asso-
ciated with net expansion or contraction of the inte-
rior is transmitted to the cool outer lithosphere. Ther-
mal stress in the lithosphere is relieved on a much 
longer time scale by some combination of fracture 
and flow. The accumulated thermal stress in the litho-
sphere in up to several tens of kilobars for the 
thermal models of Fig. 2, but because of the uncer-
tainty in the mode and time scale for relaxation of 
this stress, we discuss further only the time deriva-
tives of ar and at. 
The change in ar and at with time for model c is 
shown in Fig. 3 for several selected depths. In the 
first 2 b.y., !::.arf!::.t is negative (toward greater com-
pression) as interior expansion dominates the volume 
change. Subsequent to 2 b.y. !::.ar/!::.t is small and 
toward greater tension in the outer portions of the 
moon as lithospheric contraction dominates the 
change in lunar volume. In analogous fashion, the 
change in tangential stress with time in the lunar crust 
is initially toward greater tension (!::.atf!::.t > 0). The 
derivative changes sign at 2 b.y., leading to more com-
pressive tangential stresses with time at later stages 
in lunar history. The shift from tension producing 
to compression producing tangential stress in the 
lunar crust occurs at a comparable time in other mod-
els of Fig. 2 (from 1 b.y. in model fto 2.7 b.y. in 
model a). 





Z = 500 km 
-2 
0 
Time , b.y. 
Fig. 3. The change in radial stress Aar and in tangential stress 
Aat in the lunar thermal model of Fig. 2c, at selected depths z. 
Tensional stress is positive. 
may have exerted a strong control on the duration 
of mare volcanism. As long as t:.atft:.t > 0, then mag-
ma channels from mantle source regions to the sur-
face can be continually reopened by thermal stress, 
even if such stresses relax relatively quickly because 
of high local temperatures and even if conductive 
heat loss tends to cool and solidify the magma 
remaining in such channels. Once t:.atf t:.t is <O, how-
ever, then thermal stress will act to close magma 
channels and will reinforce the effects of conductive 
loss. 
Mare volcanism on the moon is known to span a 
long period of time, at least 0.6 b.y. from radiometric 
work (e.g., Papanastassiou and Wasserburg, 1971) and 
perhaps 2 b.y. from crater chronometric arguments 
(Boyce eta!., 1974). The long period of activity may 
be due in part to the extended era of tensional 
tangential stresses in the lunar crust, and the cessation 
of volcanism may be due to a shift in the stress sys-
tem toward crustal compression. 
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4. Mercury: requirements for early core segregation 
Mercury stands in contrast to the moon by the 
abundance of large-scale compressional features on its 
surface (Murray eta!., 1974; Strom eta!., 1975) and 
by the probability of a large central core as the 
residing place of its uniquely large share of metallic 
Fe (Solomon, 1976). Because segregation of a core 
from an originally homogeneous planet involves a 
large increase in planetary volume (Solomon, 1976), 
for which there is no evidence in surface tectonic 
structures, global differentiation on Mercury must 
predate the age of emplacement of the oldest major 
surface unit. In particular, core-mantle separation 
must have occurred prior to the end of the period of 
extensive bombardment recorded in the heavily 
cratered terrain (Trask and Guest, 1975), tentatively 
dated at 3.9-4.0 b.y. age by analogy with the moon 
(Murray et a!., 1975). 
What are the requirements on a thermal evolution 
model for Mercury in order that core segregation 
occur within the first 0.6 b.y. of planetary history? 
To answer this question we considered a range of 
possible thermal history models, much as was done 
above for the moon. For each model the initial tern-
z 0 , km 
0 500 1000 




1800 . 0.37 . 0.35 . 0 .32 
0.3 b.y. 
Fig. 4. Time for completion of core-mantle differentiation 
in Mercury thermal history models characterized by an initial 
temperature profile (before an adiabatic compression correc-
tion) that follows an Fe melting curve to depth z o and 
decreases as r2 below zo to a central temperature Tc. 
Other details of the thermal histories follow Siegfried and 
Solomon (1974) and Solomon (1976). 
140 
perature distribution was taken to follow the Fe melt-
ing curve (Liu and Bassett, 1975) from the surface to 
a depth z0 and to decrease quadratically with r below 
z 0 to a central temperature Tc. The subsequent ther-
mal history follows the scheme of Siegfried and Solo-
mon (1974) and Solomon (1976). Silicate-metal 
fractionation is taken to occur upon local melting of 
the metal phase , and all heat sources concentrate in 
the silicates during differentiation. Following a sug-
gestion of Cassen et al. (1976) and Fricker et al . 
(1976), a separate silicate melting curve (Siegfried 
and Solomon, 1974) was used in the mantle layers 
after differentiation. 
The time for core segregation is given in Fig. 4 for 
a number of models with varying z0 and Tc . The 
times shown are quite sensitive to the assumed details 
of the metal-silicate fractionation process, particu-
larly at the shortest segregation intervals. Nonetheless 
Fig. 4 underscores a qualitatively inescapable conclu-
sion: for differentiation of an initially homogeneous 
planet to be essentially complete by 4 b .y. ago, exten-
sive early heating of Mercury is required. This early 
heating must have pervaded a much larger fraction 
of the planetary volume than for the moon. 
5. Volume change in Mercury: early differentiation 
models 
The change in radius with time for Mercury is a 
sensitive test of a thermal history model (Solomon, 
1976). The predicted radius changes for models such 
as those represented in Fig. 4 as giving early core 
segregation must be compared against the photo-
geologic evidence for planetary contraction (Strom 
et al., 1975). The lithospheric thermal stress for such 
models is also of interest in connection with possible 
volcanic origins for the smooth plains (Murray et al., 
1974; Strom et al., 1975 ; Trask and Guest, 1975) and 
for the intercrater plains (Murray et al., 1975). 
One of the models with the hottest initial temper-
ature profiles and earliest core segregation is shown in 
Fig. 5. Differentiation is complete after 0.4 b.y. 
Because heat sources (U and Th) are uniformly distrib-
uted in the mantle, planetary cooling is very slow. 
The main differences between the profiles at 0.4 and 
4.6 b.y. are a slightly cooler and thicker lithosphere 
and a small solid inner core for the present state. 
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Depth , km 
Fig. 5. A thermal history model for Mercury with hot initial 
temperatures (zo = 600 km, Tc = 1,800°K) and early core 
infall. 
Time in billions of years since planetary formation is shown 
next to the appropriate temperature profile. The Fe melting 
curve is from Liu and Bassett (1975) , the silicate melting 












Fig. 6. Radius of Mercury vs. time for the thermal model of 
Fig. 5. 
Two end-member radius curves are shown as dashed lines: 
that for a homogeneous mixture of 66.5 wt. % Fe-Ni and 
33.5% silicate (Siegfried and Solomon, 1974) and that for a 
fully differentiated planet with separate equations of state 
for mantle and core (applicable for Mercury after 0.4 b.y. in 
the model). The effects of changes of phase are not included . 
The change in planetary radius with time for this 
thermal model is shown in Fig. 6. Finite strain the-
ory and temperature-dependent thermal expansion 
were used to calculate the radius change. The equa-
tion of state parameters for the silicate mantle, the 
metallic core and the undifferentiated mixture are 
given in Siegfried and Solomon (I 97 4 ). 
The total change in radius with time for this model 
is rather small, because of both the hot initial temper-
ature profile and the very slow cooling of the mantle 
after global differentiation. Subsequent to core infall, 
the radius contracts by 1 km, spread smoothly over the 
last 4 b.y. of time. 
The gradual and modest contraction in Fig. 6 is 
not in good agreement with the inferred timing of 
contraction on Mercury. From transection relation-
ships between lobate scarps, crater basins and smooth 
plains, Strom et a!. (I 975) place the period of major 
compression near the end of the period of heavy 
bombardment, with less severe compression continu-
ing until after the formation of smooth plains units. 
Thus much of the 1-2 km radial contraction inferred 
by Strom et al. (I 975) must have occurred in a 
narrow time interval relatively early in Mercury's 
history, with subsequent additional contraction 
more modest and gradual. 




Mercu ry: Core Formation 0 to 0.6 b.y. 
0 2400 
Deplh, km 
Fig. 7. A thermal history model for Mercury with hot initial 
temperatures (zo = 600 km, Tc = 1,600°K) and upward segre-
gation of heat sources (see text). 
Labels and melting curves identified in Fig. 5. 
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vided by the thermal model of Fig. 7. The early his-
tory of this model is very similar to that of Fig. 5, 
but in the model of Fig. 7 the heat sources are 
assumed to have been concentrated in a low 
density crust during global differentiation. Specifi-
cally the U and Th abundances are asssumed to fol-
low: 
U(r) = U0 exp[(R - r)/h] (7) 
where his taken to be 80 km, and U0 (0.4 ppm, 
present abundance) follows from the requirement 
that total heat sources are conserved during differen-
tiation. The effect of eq. 7 is to allow much more 
rapid transfer of radiogenic heat from the mantle 
to the surface and therefore more extensive planetary 
cooling; compare the 4.6-b.y. profiles in Figs. 5 and 
7. 
The change in radius with time for this thermal 
model is shown in Fig. 8. The more efficient cooling 
of the lithosphere is reflected in the greater contrac-




Ho mogeneous p(P, Tl 
Time, b. y. 
Fig. 8. Radius of Mercury vs. time for the thermal model of 
Fig. 7. The radius curve for a homogeneous planet is for a 
mixture of 66.0 wt. % Fe - Ni and 34.0% silicate, appropriate 
for this thermal model to a fully differentiated present-day 
planet with S.T.P. core and mantle properties as given in 
Siegfried and Solomon (1974). The effects of changes of 
phase are not included . 
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ably the completely efficient fractionation of heat 
sources implied by eq. 7 is unwarranted, for two 
reasons. First, a rather large contraction is predicted, 
though Strom et al. (1975) caution that their esti-
mate of the 1-2 km radial contraction is probably 
a minimum value. Second, there is a need for deep 
mantle heat sources to keep the core largely molten 
against heat loss by mantle convection (Cassen et al., 
1976), a minimum requirement for a dynamo expla-
nation of Mercury's magnetic field (Ness et al., 1975). 
Fig. 8 does show the most pronounced contraction, 
however, during the proposed period of heavy bom-
bardment and more gradual contraction subsequent 
to that time, as required by the surface distribution 
of lobate scarps. Less pronounced concentration of 
heat sources in the crust will permit models with less 
total contraction that still preserve the same relative 
contraction with time. 
The thermal stress associated with the evolution 
model of Figs. 7 and 8 can be related qualitatively to 
proposed endogenic igneous activity on Mercury's 
surface. During the early period of global differentia-
tion and expansion, t:.atf M > 0 in the outer parts of 
the planet, producing a stress system conductive to 
volcanism. A volcanic origin for the intercrater plains, 
either prior to (Murray et al., 1975; Trask and Guest, 
1975) or contemporaneous with (Malin, 1976; Strom, 
1977) the period of heavy bombardment, is consis-
tent with this model. In the outermost crust t:.atf t:.t 
< 0 after 0.5 b.y., but the sign of this derivative con-
tinues to be positive at still shallow depths (40-120 
km) for several billions of years. Thus an extended 
period of volcanic plains emplacement is not favored 
by thermal stress for such a model, although thermal 
stress will readily permit upwards propagation of 
magma to shallow crustal levels , from which it can 
travel to the surface if fluid pressure exceeds litho-
static or if the overlying crust is weakened by im-
pacts . The association of many of the smooth plains 
deposits on Mercury with Caloris and other large 
basins (Strom et al., 1975) may reflect the control of 
features due to impact-produced stress on the magma 
ascent process. 
6. Volume change in Mercury: core solidification 
One of the earliest proposed explanations for the 
global contraction recorded in the lobate scarp sys-
tern on Mercury was partial solidification of a central 
metallic core (Murray et al., 1974; Strom et al., 
1975). Solidification of an inner core is a feature of 
the thermal models of Figs. 5 and 7 (cf. Fricker et al., 
1976), though no explicit account of this phase 
change was made in the calculation of R(t). It is thus 
important to make a quantitative estimate of plane-
tary shrinkage as a function of the radius of a solidi-
fied inner core. 
For purposes of calculation of the volume change 
upon solidification , the core of Mercury is treated as 
pure Fe in either the 'Y or liquid phase (Fig. 9). The 
volume change 1:::. V for 'Y-)- liquid is 0.352 em 3 /mole 
at the r - o-liquid triple point (Strong et al., 1973). 
The specific volume Vr of r-Fe is taken to be 7.02 
cm3/mole, after Birch (1972). Above 52-kbar pres-
sure, the volume change may be estimated from the 
Clapeyron relation: 
1:::. V = t:.S ( dT rnfdP) (8) 
where t:.S is the change in entropy during fusion, 
taken equal to the value (9 .12 · 10 7 erg mole -I °K -t) 
at the triple point (Strong et al., 1973), and dT mfdP 
is the slope of the melting curve (Fig. 9). The melting 
curve gradient is taken from Liu and Bassett (1975) 





0 100 200 
P, kbor 
Fig. 9. Approximate phase diagram for Fe . 
The a - -y, a-e and -y- e boundaries are from Bundy (1965). 
The 8--y and 8-liquid boundaries are from Strong eta!. (1973). 
The-y-liquid boundary is from Liu and Bassett (1975). The 
position of the Fe - FeS eutectic temperature (Usselman, 
1975) is also shown as a dashed line. 
at I.88°C/kbar at pressures above I20 kbar (see Liu 
and Bassett, I975, Fig. 4). 
With these thermodynamic quantities and the pres-
sure distribution in Mercury's core given by Siegfried 
and Solomon (1974), the change in core volume upon 
solidification of an inner core of radius r may be 
determined from : 
(9) 
where r ~ Rc, the core radius, given as I ,838 km in 
the preferred model of Siegfried and Solomon 
(I974). The change in total planetary volume, or the 
change in planetary radius, may readily be calculated 
since the total core volume is known for the same 
internal structure model. 
The calculated radial and volumetric contraction 
in Mercury upon solidification of an inner core of 
radius r ~Rc are shown in Fig. IO. Clearly a small 
solid core can be formed with negligible effect on 
Mercury's volume. The total radial contraction tlR is 
less than I km if r/Rc < 0.48, orr= 880 km. The 
total tlR is less than 2 km if r/Rc < 0.6I, orr= I ,IIO 
km. Thus the stated limits on global contraction given 
by Strom eta!. (I975) permit a solid inner core of up 
r 
R; 
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Fig. l 0. Predicted volumetric and radial contraction of Mer-
cury upon solidification of an inner core of radius r/Rc , 
where the core radiusRc is 1,838 km (Siegfried and Solo-
mon, 1974). 
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to 60% of the radius of the outer core. Such an inner 
core is still a relatively small fraction (<0.23) of the 
total core volume. 
Global contraction due to partial core solidifica-
tion must be added to the contraction due to litho-
spheric cooling to predict the total planetary contrac-
tion for comparison with surface tectonics. The ther-
mal model of Fig. 5, for instance, predicts contrac-
tion due to lithospheric cooling of only I .I km (Fig. 6) 
but a solid inner core of radius I ,050 km (Fig. 5) will 
result in an additional contraction of I.7 km , giving a 
total contraction (2 .8 km) closer to the most likely of 
the values considered by Strom et al. (I 975) . A sim-
ilarly sized solid inner core in the model of Fig. 7 will 
add additional contraction to the already large tlR 
shown in Fig. 8. 
Complete or even extensive solidification of a once 
molten core in Mercury is excluded by the limitation 
on total radius change. This conclusion is consistent 
with a convective dynamo mechanism for generation 
of Mercury's dipole magnetic field (Ness et al., I975). 
As noted by several workers, however , maintaining a 
thermal gradient at least as steep as an adiabat in a 
core that remains mostly fluid since planetary differ-
entiation requires substantial core heat sources (Ste-
venson, I975 ; Cassen et a!. , I976 ; Solomon, I976). 
7. Conclusions 
The most general conclusion of this work is that 
faulting and volcanism at a planetary surface can be 
closely related to the thermal evolution of the entire 
planetary volume. As a planet heats or cools, thermal 
stress produced in the lithosphere can be responsible 
for a variety of tectonic and volcanic activity. 
The limits on the sign and extent of volume 
change for Mercury and the moon since the period of 
heavy bombardment of the inner solar system greatly 
restrict possible initial temperature distributions. 
Mercury began hot throughout most of its volume, 
perhaps with global differentiation already well un-
derway by the time the planet assumed its final size. 
The moon began with a 200-200 km thick outer shell 
at near melting conditions, but with a comparatively 
cold deep interior. The cold origin suggested for most 
of the Martian interior (Solomon and Chaiken, 1976) 
precludes large planetary mass as a sufficient condi-
tion for pervasive early heating but is consistent with 
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heating mechanisms that become more subdued in 
their effects with distance from the sun. 
Expansion of a planet is generally accompanied by 
tensional tangential stress in the planetary crust, a 
condition conducive to maintaining open conduits to 
feed magma from deep sources to surface flows. Con-
versely, contraction of a planet leads to compressive 
tangential stress and a tendency for such conduits 
to close. The duration of plains volcanism on a planet 
may be controlled by the length of an expansion 
period in the planet's history as much as by the avail-
ability of magma sources. The peak planetary volume 
is predicted to occur at a progressively later time for 
the bodies Mercury, moon and Mars. By inference, 
the youngest large-scale plains volcanism on each 
planet should decrease in age in the same order. 
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Lobate scarps on Mercury have been studied to determine the nature of the surface stress history and implications 
for the planet's early tectonic history. Morphologic and transection relations indicate that most Mer cur ian scarps 
are tectonic in nature and are due to compressive stresses in the surface layer. The azimuthal distribution of lobate-
scarp trends is compatible with an early predominantly compressive global stress field due to thermal shrinkage of 
the planet. Superposition relations indicate that the contractive phase was largely a pre.Caloris process. The effects 
of stresses due to planetary despinning were either negligible, predate the scarps, or were largely obscured by crater-
ing or volcanism. The tectonic history of Mercury as recorded in the lobate scarps is different from that which caused 
the system of lineaments on the moon. 
1. Introduction 
One of the most significant results of the Mariner-
1 0 mission was the discovery of hundreds of lobate 
scarp-like features widely distributed on the surface 
of Mercury. Lobate scarps have been interpreted by 
Strom et al. ( 197 5) as thrust faults caused by a 
planet-wide compressive stress field, possibly due to 
thermal contraction of Mercury early in its history. 
Burns (1976) and Melosh (1977) have recently sug-
gested that scarps and other lineaments may be a 
result of loss of angular momentum of the planet 
during its approach to 3 : 2 spin-orbit resonance. 
For pure planetary contraction, surface stresses 
would produce thrust faults randomly directed in 
azimuth. Pure despinning causes a variety of features 
not observed on the planet (e.g., polar tensional fea-
tures); however, combinations of des pinning and con-
traction stresses could result in predominantly N-S-
directed thrust faults. Realization of these predictions 
is complicated by local variations in rock properties, 
* Present address: Division of Geological and Planetary 
Sciences, California Institute of Technology, Pasadena, CA 
90025 , U.S.A. 
the plastic nature of a previously faulted crust, and 
illumination effects. 
This paper summarizes the results of a preliminary 
study of the lobate scarps on Mercury with emphasis 
on the above problems, and contrasts our knowledge 
of Mercurian tectonics with that of the moon. 
2. Data set 
Lobate scarps on Mercury are commonly recog-
nized by a relatively precipitous slope (a scarp), with 
the terrain behind the scarp varying from flat to gent-
ly dipping away from the scarp. In plan the scarps 
may be described as arcuate, linear, or lobate. These 
morphological differences are relatively minor and 
may be due to rheological properties of the rock, pre-
existing structure, fault-plane orientation, or possibly 
illumination effects. 
Fig. 1 is a view of Discovery Rupes (Mercurian 
scarps are named for ships of exploration) located in 
Discovery quadrangle (H-11). Discovery Scarp is over 
500 km long and shadow measurements suggest 
heights up to 3 km along the scarp. Discovery's tec-
tonic nature is evidenced by its transection of two 
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Fig. 1. Rectified computer mosaic of the Discovery Rupes region. Crater A is transected by the scarp and may show an offset. 
Arrows indicate scarps in craters that may be non tectonic. 
rather large craters. Crater A's walls may be slightly 
offset suggesting a thrusting motion of the fault plane 
(crustal shortening). The arrows in Fig. 1 indicate 
scarps whose tectonic nature is considered uncertain 
because of their position and appearance. They are 
not included in this study. Fig. 2 is a view of Vostok 
Rupes, located just south of the hilly and linea ted ter-
rain (Trask and Guest, 1975). The southwest (lower 
left) portion of the crater has apparently been hori-
zontally displaced toward the northeast (perpendic-
ular to the scarp trend). The resultant distortion of 
the large lower crater's rim provides the most con-
vincing evidence for the compressional tectonic na-
ture of similar lobate scarps. 
Most ambiguity associated with scarp identifica-
tion centers on the distinction between tectonic fea-
tures (thrust faults) and viscous flow fronts. Cutting 
a crater wall is considered diagnostic of tectonism, 
while texture, albedo, and superposition relations 
may indicate a flow-front origin particularly in the 
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Fig. 2. Third encounter frame (528884) of the Vostok Rupes 
area showing large offset of the crater walls due to thrusting 
motion of the scarp. 
interior of some craters. These problems are trouble-
some on the smooth plains surrounding Caloris where 
both explanations are possible. One should note that 
most of the scarps are several hundreds of meters high 
and, if flow fronts, would require higher viscosity 
flows than exist on Mars and the moon. 
Therefore, the best evidence for the tectonic origin 
of Mercurian escarpments is the transection of im-
pact-crater walls by about 25% of the observed scarps. 
Supporting evidence for the tectonic interpretation of 
scarps is: 
(I) The lack of photometric contrast across the scarps 
(Hapke et al., 1975), suggesting uniform surface com-
position (which might not be expected for a flow 
front). 
(2) The typically large scarp relief (several hundred 
meters) requires unrealistic viscosities for flows 
(Cordell, 1977). 
(3) The global distribution of similar appearing scarps 
is fairly uniform and independent of geologic terrain 
type (e.g., Cordell, 1977), suggesting that scarps are 
not exclusively associated with extensive volcanism 
(arguing against a flow-front interpretation). 
The best evidence for the compressive tectonic 
origin for the Mercurian escarpments is provided by 
Vostok Scarp and the 10-km horizontal displace-
ment of its crater wall. Supporting evidence for thrust 
faulting comes from: 
(1) Morphology contrasts between the Mercurian 
scarps and lunar normal faults. 
(2) The consistency ofMercurian scarps' dimensional 
parameters (length and height) with simple models 
of thrust faulting (Billings, 1972) for reasonable fric-
tion coefficients, rock strengths, and fault-plane 
angles. 
About 140 scarps are included in this study. Many 
of these features were recorded earlier by Strom et a!. 
(I 975) although the present investigation has caused 
some scarps to be deleted and new scarps to be add-
ed. Essentially the same surface areas studied by 
Strom et al. (I 975) were utilized here except for the 
deletion of a small area north of 60° latitude on the 
outgoing side (longitudes ""==' 1 00-180°) of Mercury 
(first encounter) and the inclusion of the south-polar 
region. Also, no high-sun regions (without perceptible 
shadows) are included here although they are present-
ly being investigated by means of stereo imagery. 
Each scarp was given an identification number and 
several quantitative and descriptive parameters were 
recorded including the : (1) position of the scarp mid-
point; (2) linear length between end-points (L); (3) 
trace length (T) ; (4) average trend of the scarp trace 
(SA); (5) direction of dip of the fault plane (SN); (6) 
sinuousity (S = T/L ); (7) geologic setting of the scarp; 
(8) scarp morphologic type; and (9) unusual morpho-
logic features . 
These parameters were measured directly from 
the Mariner-10 imagery and positioned by using the 
control points of Davies and Batson (1975) . Since 
scarps in general are not linear in plan there is always 
some ambiguity when assigning a strike, but most 
scarp trends are accurate to within 1- 4° in azimuth. 
Scarp sinuousity is a very difficult and imprecise 
parameter to measure. The mean scarp sinuousity is 
1.09 ± 0.07 (sinuousity of a semicircle is 1.57) and 
sinuousities ranged from 1.00 to a maximum of 1.34. 
Thus while most scarps display arcuate tendencies, 
establishing an azimuthal trend is usually not diffi-
cult. There is a suggestion that scarp sinuousities in-
crease slightly with scarp length. Whether this is an 
artifact of observation or a real effect is unknown. 
3. Tectonic framework 
Inspection of the M?.finer-10 imagery by Strom et 
a!. (1975) and this study has suggested three funda-
mental observations concerning the tectonism on 
Mercury. 
First, there is a lack of conspicuous surface expres-
sions of mantle plumes (hot spots) or plate tectonic 
features like "island" arcs, a global system of "mid-
ocean" ridges, or any evidence for a division of the 
lithosphere into distinct rigid plates. The absence of 
plate-tectonic features and the predominance of 
craters on Mercury bespeak a surface which has been 
substantially unmodified since the end of the smooth-
plains emplacement or the late heavy bombardment. 
If the lunar and Mercurian cratering histories were 
similar, this would suggest the surface of Mercury has 
been affected by only light-impact cratering for most 
of its history (i.e."'=' 3 AE), and portions of the sur-
face could be very ancient (age"'=' 4 AE) (Hartmann, 
1970). 
The second observation is the lack of concentric 
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graben outside the main ring of the large basins such 
as Caloris. Impact basins on the moon such as Humo-
rum commonly display a system of concentric graben 
presumably caused by tensional stresses that appar-
ently were related to subsidence of the basin. The ab-
sence of such features around Caloris and other basins 
is consistent with an early planetary compressive 
stress field which may have suppressed the develop-
ment of any contemporaneous tensional surface fea-
tures. 
The third observation is the absence of graben or 
other tensional features on Mercury, except local re-
gions interior to Caloris and the hilly and linea ted ter-
rain (Trask and Guest, 1975). The absence of polar 
tensional features militates against a pure despinning 
model for the evolution of the surface structure of 
Mercury (Melosh, 1977). However, the lack of polar 
tension is not inconsistent with either a thermal-
shrinkage model or a despin plus shrinkage model. 
Schultz and Gault (197 5) have suggested that the 
hilly and lineated terrain and the Caloris impact are 
physically related , i.e. focusing of the seismic P waves 
from the Caloris impact at the Caloris antipode may 
have resulted in a violent vertical displacement of the 
surface and its present structure. Thus it is likely that 
neither of these two areas of tension are related to 
stresses of global scale that were intrinsic to the 
planet. 
4. Scarp statistics 
The size distribution of Mercurian lobate scarps is 
shown by Fig. 3 which plots the number of scarps vs. 
the scarp length. Only about 15% of the scarps have 
lengths exceeding 150 km whereas about 85% have 
lengths between 20 and 150 km. Identification of 
scarps shorter than 20 km is hindered by resolution 
and lighting effects. Possibly there are few scarps in 
this size range. There is a suggestion of a frequency 
peak between 30 and 80 km and a subsidiary frequen-
cy peak between 100-140 km. 
Fig. 4 shows the latitudinal distribution of lobate 
scarps on the Mercurian surface (excluding Caloris' 
interior). The plot shows the number of scarps per 
unit area (normalized to 106 km2), as a function of 
latitude, in 10° increments from the south pole to 
+60° latitude. The typical number of scarps per 106 
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Fig. 3. Number of scarps vs. scarp length showing most scarps have lengths less than 140 km with the most frequent lengths 
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Fig. 4. Latitude distribution of lobate scarps indicates a paucity of scarps at the latitudes of the hilly and linea ted terrain. 
-20 and -30° is deficient in lobate scarps. This may 
be a result of the formation of the hilly and linea ted 
terrain which is also located in this region. 
Data on the azimuthal trends of lobate-scarp traces 
are of importance for a specification of the stress field 
which caused them. Fig. 5 shows four plots of the 
number of scarps vs. the scarp azimuth for different 
latitude regions of the planet. The "all-latitude" plot 
includes the latitudes from -90° to +60° . No statis-
tically significant peaks are apparent, although three 
minor peaks occur at 45°W, 5°W, and 35°E. How-
ever, most scarps appear to be confined within a sec-
tor 60°E and W of north. 
The remaining plots in Fig. 5 (<25°, 25-40°, 
>40°) correspond to latitude boundaries which are 
significant for a pure planetary despinning model as 
discussed in Burns (1976) and Melosh and Dzurisin 
(1976); they correspond respectively to areas of N-S 
thrust faulting, NE-SW and NW - SE strike-slip fault-
ing, and E-W normal faulting. 
The specific values of the latitude boundaries 
are a function of lithosphere thickness (Melosh, 
1977). Cassen et a!. (1976) suggest that the litho-
sphere thickness may be between 50 and 360 km. 
The lititude boundaries of Fig. 5 correspond to 
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the 360-km value; for the lower limit of lithosphere 
thickness there would be no thrust-fault province 
(shear stresses would extend to the equator) (Melosh, 
1977). For latitudes between ±25° (the <25° plot) 
and azimuths less than 50°E or W of north, scarp 
trends display no preferred direction in azimuth. 
However, few scarps exist which have strikes further 
than 50° in azimuth east or west of north. The same 
situation prevails in the regions of +25-+40° latitude 
and -25° to - 40° latitude (the 25-40° plot). 
The regions poleward of 40°N and 40°S latitude 
display a considerably different situation. There is 
no statistically significant preferred azimuth for scarp 
trends; i.e., scarps are seen trending at all azimuths, 
including E-W directions. A possible explanation is 
that E- W-trending scarps are very difficult to observe 
due to illumination effects (Strom, 1964). The only 
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Fig. 5. Distribution of scarp azimuths for all latitudes ( -90° to +60° ), latitudes between ±25° ( <25° plot), latitudes between 
+25-+40° and -25- -40° (the 25-40° plot), and latitudes between -40-90° and +40-+60° (>40° plot). 
152 
region where E- W-trending scarps would be easily 
seen is near the poles where they could approximate-
ly parallel the terminator. Therefore, a region from 
about 40° latitude poleward would be the only area 
expected to show comparable numbers ofN-S- and 
E- W-directed scarps. Thus, we conclude that scarps 
seem to be randomly directed in azimuth at all lati-
tudes on the observed portion of the surface of Mer-
cury. 
The crustal shortening caused by a given tectonic 
scarp is a function of the fault-plane dip, the displace-
ment along the dip, and the length of the scarp. Al-
though the first two quantities are usually difficult to 
estimate, the third is readily available for analysis 
from the imagery. Fig. 6 is similar to Fig. 5 except 
that the vertical axis is the sum of the lengths of all 
the scarps in the given azimuth interval. It is essential-
ly a length-weighted version of the plots in Fig. 5, and 
the two figures may be compared directly. The con-
clusions concerning scarp trends reached from Fig. 4 
are consistent with data in Fig. 6: (1) no significant 
azimuthal peaks; (2) between -40 and +40° latitude 
scarps are confined to 60°W orE of north and ran-
domly distributed; and (3) in polar regions (>40° 
lat.) scarps are also randomly distributed in azimuth. 
Exceptions to these observations seem to be due to a 
few very large scarps. For example , the peak in the 
"all-latitude" and ">40°" curves between 30 and 
40°NE azimuth, is due to Discovery Rupes which is 
over 500 km long. 
5. Tectonic implications 
An important time constraint on the scarp-forming 
episode is provided by the observation of a paucity of 
lobate scarps in latitudes occupied by the hilly and 
lineated terrain (Fig. 3) . If the Caloris basin and hilly 
and lineated terrain formed simultaneously as Schultz 
and Gault (197 5) have suggested, then the assumed 
CUMULATIVE SCARP LENGTH (L) VS. AZIMUTH (A) 
ALL LATITUDE 
NW NE 
80 60 40 20 0 20 40 60 80 
25°·40° LATITUDE 
NW NE 















w 60 ~ 20 0 w ~ 60 w 
A 
Fig. 6. Distribution of cumulative scarp lengths with azimuths for the latitude regions of Fig. 5. 
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destruction of large numbers of lobate scarps at the 
Caloris' antipode implies that most scarps were formed 
in pre-Caloris time. However, not all scarps were cre-
ated in pre-Caloris time because several are seen on 
Odin, Budh and Sobkhu Planitiae, which are definite-
ly post-Caloris. It is not known when scarp formation 
began because many very early scarps (>4.0 AE) may 
have been destroyed by cratering or the emplacement 
of intercrater plains. However, thermal models of 
Solomon (1976) and Solomon and Chaiken (1976) 
predict that heating of the planet during planetary 
core separation (if this occurred) would result in early 
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Fig. 7. Rose diagram showing azimuthal distribution of lunar lineaments after Strom (1964). 
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expansion of the planet. Therefore, the earliest tec-
tonic features should be tensional which, since they 
are unobserved, must have been either obscured by a 
subsequent process [ cratering or emplacement of the 
intercrater plains (Strom, 1977)], or never formed. 
Knowledge of the azimuthal distribution of scarp 
trends is necessary to ascertain the dominant early 
tectonic influence on Mercury. Pure thermal contrac-
tion of Mercury will result in randomly-directed (in 
azimuth) thrust and reverse faults, while the proper 
combination of shrinkage and despinning may cause 
thrust faulting that is predominantly N-S directed 
(at all latitudes) with an absence of tensional features 
at the poles (Melosh and Dzurisin, 1976). The ran-
dom nature of scarp trends is viewed by us as strong 
evidence for the pure-contraction models of Mercu-
rian tectonism. 
We consider the alternate explanation of the data 
- that N-S-directed scarps due to planetary despin-
ning (Melosh, 1977) were regularly "deflected" from 
N- S trends by local irregularities - to be much less 
likely. This conclusion is supported by: ( 1) the inter-
ference that E- W -trending scarps are suppressed by 
illumination effects (Strom, 1964) ; and (2) the obser-
vation that some scarps are 50-60°E or W from 
north in azimuth argues strongly against predomi-
nantly N-S scarps deflected by local irregularities. It 
should be mentioned that the random azimuthal dis-
tribution of scarp trends observed at the poles is con-
sistent with both a pure-shrinkage and a shrinkage-
despinning model because, near the poles, the hori-
zontal principle stresses for the despinning case are 
nearly equal. 
In general we feel the scarps record no recogniz-
able evidence of the effects of planetary de spinning 
and approach to resonance. While we do not rule out 
despinning as a tectonic influence on the surface of 
Mercury, we do consider that its surface effects 
either: (1) are older than most lobate scarps, (2) have 
been subsequently obscured, or (3) never existed. 
6. Comparison with the moon 
The lunar lineament or grid system is composed of 
valleys, rilles, polygonal crater rims, crater chains, and 
other linear tectonic features. The planetary stress 
field may have been predominantly shear with com-
pressional influences being local in character. There is 
no evidence for globally-distributed lobate scarp-type 
features of the kind seen on Mercury. Fig. 7 is a rose 
diagram from Strom (1964) showing the number of 
lineaments vs. azimuth for two sizeable regions on the 
lunar frontside. There is a strong NW - SE and NE-
SW trend in both areas with a weaker N- S trend also 
visible. Comparison of Figs. 7 and 5 indicates that the 
pronounced trends visible in the lunar data are not 
evident on Mercury. Therefore, the lunar lineament 
system and the Mercurian scarp system were probably 
formed by different stress fields. It is possible that a 
Mercurian grid system (Dzurisin, 1976) which was 
formed largely prior to the scarps may be similar in 
morphology and azimuthal trends to that observed 
on the moon. 
7. Summary 
Morphologic and transection relations indicate 
most Mercurian scarps are tectonic in nature and are 
due to compressive stresses in the surface layer. Most 
scarps are between 20 and 140 km long with the 
average length about 7 5 km. Scarps seem to be uni-
formly distributed in latitude except for a paucity 
near the hilly and lineated terrain. This implies that 
scarp formation was largely a pre-Caloris event. Scarp 
trends are inconsistent with a pure-despin model 
of Mercurian tectonic history and favor a model 
where planetary contraction dominated any effects 
of the loss of angular momentum of Mercury. 
The morphologies and trends of the lunar linea-
ment and Mercurian scarps indicate that different 
stress histories were responsible for their develop-
ment. Planetary despinning may have been responsi-
ble for a very early (pre-scarp) set of Mercurian linea-
ments that are moon-like in morphology and trend. 
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Differences in the diameter/density distribution of craters in the size range 7- 100 km between heavily 
cratered areas and areas of intercrater plains indicate the deposition of both lunar and Mercurian intercrater 
plains has preferentially obliterated craters <: 30 km diameter. This obliteration has altered the original lunar 
population distribution function from about a -1.3 slope to about a - 0.7 slope. At least a significant por-
tion of both the lunar and Mercurian intercrater plains appear to be volcanic deposits emplaced during the 
later stages of heavy bombardment on each body rather than basin ejecta or an ancient primordial surface. 
The very widespread distribution of intercrater plains on Mercury compared to the moon may be related to 
Mercury's core formation which would have resulted in a large radius increase leading to widespread exten-
sional fracturing to provide egress for the eruption of volcanic deposits on a global scale. This was followed 
by a radius decrease due to contraction of the lithosphere to produce thrust faulting represented by Mer-
cury's lobate scarps. 
1. Introduction 
The most widespread terrain type on Mercury 
appears to be level to gently rolling plains having a 
high density of superposed small craters in the size 
range 5-15 km (Fig. 1). These plains occur between 
and around clusters of large craters comprising the 
more heavily cratered terrain and have been termed 
"intercrater plains" by Trask and Guest (1975). The 
plains occupy about one-third of the surface viewed 
by Mariner 10, as shown in Fig. 2. Many of the super-
posed small craters form chains or clusters character-
istic of secondary impact craters (Fig. 1 ). The high 
density of superposed small craters and stratigraphic 
relationships clearly indicate that the intercrater 
plains are older than the smooth plains attributed to 
volcanism (Strom et al., 1975; Trask and Strom, 
1976) which primarily fill and surround the Caloris 
and North Polar basins. Trask and Guest (1975) con-
sider the intercrater plains to be older than most of 
the heavily cratered terrain because: (1) they do not 
appear to embay or overlap individual craters of the 
heavily cratered terrain; and (2) the only apparent 
source of the many secondary craters on the inter-
crater plains appears to be the large craters and basins 
of the heavily cratered terrain. However, Malin 
(1976) has recognized degraded craters and basins 
within the heavily cratered terrain which appear to be 
embayed by intercrater plains (Fig. 1). He suggested 
that at least some intercrater plains post-date the later 
portions of bombardment by large objects. 
The relative age of Mercurian intercrater plains has 
a bearing on their origin. If they are the oldest geo-
logic unit on Mercury, then they may represent an 
ancient primordial surface possibly similar to the 
"magma ocean" which probably gave rise to the 
moon's anorthositic crust. On the other hand, if the 
intercrater plains are contemporaneous with the 
period of heavy bombardment on Mercury, they may 
be volcanic rocks erupted during an early volcanic 
Fig. 1. Typical Mercurian intercrater plains. Abundant shallow elongate craters and crater chains are present on the intercrater plains and are probably mostly 
secondary impact craters from fresher basins and craters of the more heavily cratered terrain. The arrow points to a 90-km diameter crater which has been em-
bayed by intercrater plains, and therefore pre-dates the emplacement of the plains. The lobate scarp (Santa Maria Rupes) is probably a thrust fault which post-









Fig. 2. Generalized terrain map of Mercury showing the distribution of intercrater plains and other terrain types (after Gault 
eta!. , 1977). 
episode (Malin, 1976), or they may be basin ejecta as 
hypothesized by Wilhelms (1976a). 
On the moon, a similar type of terrain occurs 
southwest of the Nectaris basin (Fig. 3), and is 
termed the "Pre-Imbrian Pitted Plains" (Wilhelms and 
McCauley, 1971 ) . However, the lunar pitted plains 
have a much more restricted distribution than the 
Mercurian intercrater plains and the diameters of 
comparable superposed small craters are less than 
those on Mercury. Before the Apollo-16 mission the 
pitted plains (not sampled by Apollo missions) were 
interpreted as an early volcanic deposit emplaced 
prior to mare flooding (Wilhelms and McCauley, 
1971). Impact breccias returned from the light high-
land plains (Cayley Formation) by the Apollo-16 mis-
sion prompted a re-evaluation of their origin. Con-
sequently, many investigators now regard most high-
land plains units as basin-related ejecta deposits 
(Howard eta!., 1974), or a combination of basin 
secondary ejecta and highland crater ejecta deposits 
(Oberbeck eta!., 1975). 
Since the morphology and stratigraphic relation-
ships of lunar pitted plains and Mercurian intercrater 
plains are so similar, their comparison should help 
resolve the questions of their origin and relative age . 
Most previous studies (Howard eta!. , 1974; Trask and 
Guest , 1975;Malin, 1976;Wilhelms, 1976a)have 
concentrated on their morphology, stratigraphic rela-
tionships and areal distribution. In this study the 
crater diameter/density distributions associated with 
lunar and Mercurian highland plains are compared 
in order to determine the relative ages and possible 
origin of these plains units . Only craters in the size 
range 7- 100 km are considered. The lunar crater 
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Fig. 3. Region of lunar pitted plains southwest of the Nectaris basin. The white outline indicates the area shown in Fig. 9 (Orbiter 
4, M-95). 
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counts are from the new Catalog of Lunar Craters 
being compiled at the Lunar and Planetary Labora-
tory. 
2. Lunar highland plains 
As previously mentioned, the "Pre-Imbrian Pitted 
Plains" are a very close lunar analog to the Mercurian 
intercrater plains (Fig. 3). Their largest expanse is 
southwest of the Nectaris basin between about 
35- 65°S latitude and 10-30°E longitude. The pitted 
plains are distinguished from the Cayley-type smooth 
plains primarily by a higher density of superposed 
small craters. Cayley-type deposits have been attri-
buted primarily to the Imbrium and Orientale basins, 
whereas the pitted plains have been interpreted as an 
older basin-related deposit (Howard et al., 1974), or 
a primordial surface which escaped much of the 
heavy bombardment (Oberbeck and Morrison, 1976). 
If the pitted plains are an old basin ejecta deposit 
similar to the Cayley-type material , then their rela-
Fig. 4. Map showing the location of the lunar areas which were studied in this report. 
AL = Albategnius area; WE= Werner area; CU = Cuvier area; MA = Manzinus area; CL =Clavi us area; NE = Nectaris annular seg-
ment; PM= pre-mare crater counts. 
tively close proximity to the Nectaris basin makes 
that basin the most likely source. However, the crater 
statistics discussed below suggest that the pitted 
plains are not related to Nectaris and have a different 
origin from the Cayley-type deposits. 
Counts of craters ~7 km in diameter were com-
piled for areas in a strip of highlands extending from 
the equator to about 80°S latitude and from the cen-
tral meridian to about 25°E longitude (Fig. 4). This 
strip comprises the Albategnius area (AL ), Werner 
area (WE), Cuvier area (CU) and Manzinus area (MA). 
In addition , counts were performed in the heavily 
cratered Clavi us area (CL) adjacent to the strip and in 
an annular segment (NE) adjacent to and south of 
the Nectaris basin (Fig. 4). The Albategnius area 
occurs between about 1 and 2 basin radii from the 








dominated by large tracts of Cayley-type plains. The 
Werner area contains about equal proportions of 
heavily cratered terrain and Cayley plains while the 
Cuvier area contains about equal proportions of 
heavily cratered terrain and pitted plains. However, 
the Cuvier area also includes the very highly cratered 
region in the vicinity of Stoller and Maurolycus. The 
smaller Manzinus area contains a large percentage of 
pitted plains. The adjacent Clavius area is one of the 
most heavily cratered regions on the frontside of the 
moon. The annular segment adjacent to the Nectaris 
basin encompasses an area equivalent to the con-
tinuous ejecta deposit of a basin this size. Most of the 
craters in this area are probably post-Nectaris in age 
and their density distribution relative to other areas 
counted is important in determining the age and 
origin of the pitted plains. 
.. . <;:.loss 4 
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D, Crater diameter, km 
Fig. 5. Average lunar frontside highlands crater diameter/density distribution. 
The distribution for all crater classes combined and classes 1-5 is shown separately. The post-mare distribution also is shown for 
reference. Class-1 craters are freshest and class-5 the most degraded. The solid curve for all classes represents the frontside high-
lands and the dashed line represents the entire moon. The left-hand plot gives the raw curves showing 1 a confidence intervals and 
the number of craters in each size interval, the right-hand plot gives the smoothed curves. 
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Fig. 5 is a log-log plot of the diameter/density 
distribution for craters larger than about 7 km on the 
frontside highlands and for craters larger than 150 km 
on the entire lunar highlands (dashed line). Also 
shown are the diameter/density distributions for the 
degradational classes 1- 5 (class 1 the freshest; class 5 
the most degraded). The crater density Pis the per-
cent of the area covered by craters of a given diam-
eter and is defined mathematically as: 
P= (1TD 2N/4A) X 100 
where D is the geometric mean diameter of the size 
increment (-./2 size intervals), N is the number of 
craters in the size increment and A is the surface area 
counted. A - 2 distribution function on a diameter/ 
frequency plot is a horizontal line on a diameter/ 
density plot, while a -1 distribution function is a 
straight line sloping down to the left at an angle of 
45°. Therefore, a diameter/density plot shows varia-
tions in the distribution function much more readily 
than conventional diameter/frequency plots. The 
lunar curve in Fig. 5 represents the average diameter/ 
density distribution for the frontside highlands which 
includes areas of highland plains as well as more 
heavily cratered regions such as the southern high-
lands in the vicinity of Clavi us and Stofler. In the size 
range 7-50 km the average frontside lunar highlands 
are characterized by a - 1 distribution function with a 
peak density of 7% at about 70-km diameter. How-
ever, it should be emphasized that this curve is only 
the average distribution for the frontside highlands; 
heavily cratered regions in the southern highlands 
show a -1.3 distribution function and a peak density 
of about 11 % in this diameter range, while highland 
plains regions can show a distribution function as 
high as -0.7 . In general, the density of class-3 craters 
is greater than class4 which in turn is greater than 
class-5. In other words, craters of intermediate fresh-
ness are more abundant than those of the most 
degraded types. This order of degradational classes is 
typical of most highland areas. Departures from this 
order are apparently due to local geological processes 
discussed later. 
Both the Albategnius and Manzinus areas show 
a significant paucity of craters <30 km diameter 
compared to the Clavius, Werner and Nectaris areas 
(Fig. 6). This paucity may be due to the loss of a cer-
tain fraction of pre-existing craters by basin ejecta or 
volcanic deposition, or the result of an unequal distri-
bution of basin secondaries which are lacking in the 
Albategnius and Manzinus areas. 
Recently the importance of basin secondaries to 
the highland crater population has been stressed by 
Wilhelms (1976b). He concludes that: 
"Imbrium secondaries are more numerous than primaries 
in the size range 3 or 4 to 10 km on the nearside and may be 
more numerous at diameters of 10-25 km. Similar relations 
probably hold for older primaries and basin secondaries over 
most or all of the terra. Only the south-central part of the 
nearside along the 0° meridian has escaped heavy secondary 
bombardment. Some surfaces there have also escaped heavy 
primary bombardment." 
Our counts in the frontside highlands are not consis-
tent with the interpretation that a significant fraction 
of the craters between 7 and 25 km diameter are 
basin secondaries. The Orientale basin and its con-
tinuous ejecta blanket (Hevelius Formation) are areas 
which should contain few, if any, basin secondaries 
because this basin post-dates all other large basins. 
Counts of post-Orientale craters (superposed on the 
ejecta blanket and basin) >7 km diameter were made 
within the basin and on its continuous ejecta blanket 
within about one basin radius (Fig. 7). Most Orientale 
secondaries occur beyond the continuous ejecta 
blanket, but a small number of craters which occur in 
chains or display peculiar forms were eliminated from 
the counts since they may be Orientale secondaries. 
These craters are located primarily near the edge of 
the ejecta blanket. Therefore, the counted craters 
should represent basically the post-Orientale primary 
crater population. Furthermore, the low crater den-
sity must mean that the crater population is basically 
a production population which records the diameter/ 
frequency distribution of the impacting objects. How-
ever, the post-mare crater population (slope index 
-1.8) must also be represented in the counts since 
Orientale pre-dates the maria. In order to derive the 
post-Orientale/pre-mare crater population, the post-
mare crater diameter/density distribution was sub-
tracted from the post-Orientale counts as shown in 
Fig. 7. The post-mare curve also was subtracted from 
the Clavius curve to derive the pre-mare crater popu-
lation in the heavily cratered highlands. The post-
Orientale/pre-mare curve (lower dashed line in Fig. 7) 
has a distribution function of -1.2 which is similar to 













Fig. 6. Crater diameter/density distributions of the Clavius (A), Albategnius (B), Werner (C), Cuvier (D) and Manzinus (E) areas 
shown in Fig. 4. 
AU crater classes and classes 3-5 are plotted separately. The left-hand plot in each case gives the raw curves with la confidence 
intervals while the right-hand plot gives the smooth curves. The distribution function a , where N - D"', on a diameter/frequency 
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Fig. 7. Crater diameter/density distributions of post-Orientale craters (those superposed on Orientale ejecta blanket and basin) 
and post-mare craters on all frontside maria. 
The post-orientale/pre-mare distribution (bottom dashed line) was derived by subtracting the post-mare counts from the post-
Orientale counts. The post-mare counts were also subtracted from the Clavius counts to derive the pre-mare h ighland distribution 
(top dashed line). Due to the low density of the post-mare counts the Clavius curve is virtually unaltered by this subtraction. The 
similarity in shape between the dashed curves indicates that the highland crater population in this diameter range has not been sig-
nificantly altered by basin secondaries. See text for explanation. 
dashed line in Fig. 7). Since the post-Orientale/pre-
mare curve represents basically a primary crater 
production population and has a distribution func-
tion similar to the heavily cratered highlands (Clavius, 
Nectaris and Werner), it then follows that: (1) the 
diameter/density distribution in the size range under 
consideration (.>7 km) has not been greatly affected 
by basin secondaries; and (2) the heavily cratered 
highlands basically represent a pre-mare crater 
production population with a - 1.2 ± 0.1 distribution 
function. Therefore, regions which display crater 
distribution functions >-1.2 (i.e. , the Albategnius 
and Manzinus areas) have probably had a portion of 
their craters obliterated by basin ejecta and/or 
volcanic flooding. Of the total number of craters, the 
percentage of basin secondaries necessary to alter the 
- 1.2 distribution function to -1.3 ranges from about 
20% at 8 km diameter to about 10% at 24 l<"m diam-
eter. These percentages may represent the number of 
basin secondaries which occur in the more heavily 
cratered highland regions. 
Furthermore, all areas investigated show a 
smoothly decreasing density distribution with a 
similar population index below about 50 km diam-
eter. On Mercury, secondaries are larger in proportion 
to their primaries and appear to be more abundant 
than on the moon. They appear on diameter/density 
plots as well-defined anomalous increases in crater 
density at diameters <IS km (see Figs. 11 and 12). 
Preliminary counts of craters with diameters down to 
about 1 km in lunar highland areas of pitted plains 
and heavily cratered terrain show anomalous density 
increases at diameters less than about 7 or 8 km. This 
increased density is very similar to that observed on 
Mercury at diameters <:15 km, and is probably due 
largely to basin and large crater secondaries. There-
fore, on the moon it is probable that basin and large 
crater secondaries dominate at diameters below about 
8 km and significantly alter the primary crater distri-
bution function below this diameter. However, the 
crater diameter/density distribution in the areas and 
size range studied appears to be mainly the result of 
the primary crater population. Although there is 
undoubtedly a fraction of the highland crater popula-
tion which is basin secondaries, this fraction does not 
appear to have altered significantly the primary 
population distribution at diameters 57 or 8 km. 
It has been suggested by Oberbeck and Morrison 
(1976) and Wilhelms (1976b) that the pitted plains 
represent primordial resurfaced regions which escaped 
heavy primary bombardment. However, the paucity 
of craters in these areas occurs only at diameters 
<:30 km, but the crater density at larger diameters 
is the same as other regions studied (Fig. 6). There-
fore, if one hypothesizes that these areas have 
escaped heavy primary bombardment, then one must 
also assume that they only escaped bombardment by 
small objects (those capable of producing craters 
<30 km diameter), but were still impacted by the 
larger objects ; a very unlikely circumstance. 
Fig . 6 shows the crater diameter/density plots of 
the Albategnius, Werner, Clavi us, Cuvier and 
Manzinus areas, and the density distribution of all 
crater classes combined and classes 3, 4 and 5 
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separately. To avoid clutter, classes 1 and 2 (the 
freshes.t craters) are not plotted, buth they both have 
essentially the same density in all areas which is 
similar to that shown in Fig. 5. The smoothed curves 
were derived from a weighted step-wise non-linear 
regression of eighth order using the two most signifi-
cant coefficients ; the slopGs were determined from a 
weighted linear regression between 7- and 56-km 
diameters. 
The Clavius area is one of the most densely 
cratered areas on the frontside and has a distribution 
function of -1.3 with a peak density of about 11% at 
~70-km diameter (Fig. 6A). Test areas in heavily 
cratered regions on the farside show the same distri-
bution function and peak density. However, the 
Albategnius area (Fig. 6B), with large tracts of 
Cayley plains, has a lower crater density at all diam-
eters (maximum density ~8% at 70 km) and shows a 
distribution function of about -0.9 between 7- and 
56-km diameter. This indicates that there has been a 
loss of craters, particularly at diameters <:SO km, 
compared to the more heavily cratered regions such 
as the Clavius area. The most likely explanation is 
that the emplacement of the Cayley plains has 
obliterated a fraction of pre-existing craters. Most of 
the samples of Cayley plains returned by the Apollo-
16 mission are impact breccias suggesting that these 
plains are primarily impact-generated. They probably 
represent basin ejecta derived primarily from the 
Imbrium basin. Furthermore, the order of degrada-
tional types in this area is reversed compared to other 
highland areas ; classes 4 and 5 are more abundant 
than class 3. This suggests that the effect of basin 
ejecta at a distance of 1-2 basin radii is to alter the 
fresher craters (classes 1-3) to more degraded types 
(classes 4 and 5). In the Manzinus area (Fig. 6E) which 
contains a large percentage of pitted plains, there has 
also been a significant loss of craters relative to the 
Clavius area. The Manzinus area shows a distribution 
function of -0.7. The loss of craters in this case 
appears to be due to the emplacement of the pitted 
plains. However, there are two basic differences in the 
crater distributions between this area and the 
Albategnius area. First, the average maximum density 
is about 11-14% at ~70-km diameter (about the 
same as the Clavius area), while in the Albategnius 
area it is only about 8%. Secondly, the density of 
class-3 craters is much greater than classes4 and-5 not 
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only compared to the Albategnius area , but compared 
to the other highland area as well. In the case of the 
Albategnius area, basin ejecta (Cayley plains) were 
apparently deposited ballistically, obliterating a cer-
tain fraction of craters at all diameters and trans-
forming many fresher craters to more degraded ones. 
However, the pitted plains appear to have been 
emplaced in a much more quiescent manner leaving 
intact the larger craters and preserving rim sharpness 
while removing rather large numbers of craters 
<30 km diameter. This type of deposition is what 
one might expect from a volcanic flooding process 
similar to that which occurred in the maria. The 
Cuvier area (Fig. 6D) seems to represent a transition 
region with a crater density distribution function and 
sequence of degradational types intermediate 













bution function is - 1.1 and is more negative than 
that of the Manzinus area (- 0.7) probably because of 
the high crater density in the Sti.ifler/Maurolycus 
region. 
Fig. 8 compares the crater distributions of the 
Clavi us· and Manzinus areas with Nectaris annular 
segment and the pre-mare crater distribution. The 
annular segment is within one basin radius of 
Nectaris (Nectaris "Ejecta Blanket" in Fig. 8 and NE 
in Fig. 4) and shows a crater density and distribution 
function essentially identical to the Clavius area. 
Since basin-continuous ejecta blankets are very effec-
tive at obliterating pre-existing craters, as demon-
strated by the Orientale blanket, then the similarity 
in crater density and distribution function between 
the Nectaris Ejecta Blanket and the heavily cratered 







Fig. 8. Comparison of the crater diameter/density distributions of the Clavius (CL), Manzinus (MA), Nectaris (NE) and "pre-
mare" (PM) areas. 
The diameter/density distributions for the Clavius area and Nectaris "Ejecta Blanket" are essentially the same, indicating they 
both suffered the same impact history. However, the Manzinus area of pitted plains has a significantly lower density and greater 
distribution function for craters :(30-km diameter, suggesting the pitted plains obliterated a portion of the craters in this diam-
eter range. The similarity of the Clavius area and Nectaris Ejecta Blanket indicates that the pitted plains are not a basin ejecta 
deposit from Nectaris but probably a volcanic deposit. The crater distribution function of the pitted plains (Manzinus area) is 
similar to the pre-mare curve showing that volcanic flooding can produce a crater obliteration similar to that observed for the 
pitted plains. 
Fig. 9. Area of pitted plains near Mutus (78-km diameter) as located in Fig . 3. 
The tailed arrow points to a flow lobe filling a 20-km-diarneter crater, while the untailed arrows indicate craters em bayed by 
pitted plains (Orbiter 4, H82-3). 
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tained a similar impact history. If the pitted plains 
were a basin ejecta deposit associated with Nectaris, 
then they would have been exposed to the same 
impact history sustained by the Nectaris Ejecta 
Blanket and would show a similar crater density and 
distribution function. Ejecta deposits from other 
basins such as Imbrium or Orientale can also be ruled 
out as the source of the pitted plains since both the 
Werner and Clavius areas lie between those basins and 
the pitted plains, and show a "normal"highland crater 
density and population index. Therefore, the paucity 
of craters < 30 km diameter and the density sequence 
of crater de gradational types of the areas of pitted 
plains compared to the Clavius, Werner and Nectaris 
Ejecta Blanket areas suggest that the pitted plains repre-
sent primarily a highland volcanic deposit emplaced 
sometime near the end of heavy bombardment ; after 
the formation of the Nectaris basin but probably before 
the Imbrium impact. This conclusion was also 
reached independently by Scott (1972) from geologic 
relationships. Also plotted in Fig. 8 is the diameter/ 
density distribution of pre-mare craters south of the 
equator in Oceanus Procellarum and Mare Nubium 
(area PM in Fig. 4). These craters are represented by 
"ghost rings" and the rims of craters protruding 
through the mare lavas; i.e. they are the crater popu-
lation remaining after shallow mare flooding. The 
shapes of the pre-mare and the Manzinus curves are 
very similar. Although this does not prove the pitted 
plains are a volcanic deposit, it does show that 
crater obliteration by volcanic flooding can produce 
a diameter/density distribution function similar to 
that observed in regions containing pitted plains 
(Manzinus area). The difference in overall crater den-
sity between the pre-mare curve and the Manzinus 
curve is probably due to the greater extent and 
deeper flooding of mare basalts compared to 
shallower flooding of the pitted plains. 
The crater statistical data suggesting a relatively 
old episode of highland volcanism are also supported 
by several morphologic and stratigraphic relationships 
evident in the region of pitted plains. Fig. 9 is an area 
of pitted plains near the crater Mutus (78-km diam-
eter). Several craters (arrows) appear to be embayed 
by pitted plains in a manner similar to those in the 
maria. Furthermore, a flow lobe indicated by the 
tailed arrow partially fills a crater 20 km in diam-
eter. Although ejecta flow lobes of this nature are 
seen radiating from recent basins such as Orientale and 
Imbrium, this particular flow has no evident source 
basin. The ejecta lobes so far recognized are situated 
within about one basin diameter of the originating 
basin. This flow is much further away than one basin 
diameter from either Orientale or Imbrium and has 
flowed from the south or southeast which is in the 
opposite direction to these basins as well as to 
Nectaris. The most likely source, if the flow is an 
ejecta deposit , is the Schrodinger basin. However, this 
basin (320-km diameter) is 900 km away (almost 
three basin diameters) and there are no deposits of a 
similar nature between this flow and the basin. There-
fore , it is unlikely that this flow has been ballistically 
emplaced by the Schrodinger impact; it is more likely 
that the flow is volcanic in origin. Furthermore, the 
embayment of craters by pitted plains implies that 
the plains post-date at least the later period of intense 
bombardment and therefore cannot represent an 
ancient primordial surface . This stratigraphic evidence 





Fig. 10. Map showing the distribution of Cayley plains (black 
patches) and the approximate location of the pitted plains 
(stippled) on the nearside of the moon [after Howard et al. 
(1974) with modifications] . 
3. Mercury intercrater plains 
There are three possible origins for Mercurian 
intercrater plains depending on their age relative to 
the heavily cratered terrain. If they are the oldest 
observed surface , then (1) they probably represent an 
ancient primordial surface formed in a manner similar 
to the "magma ocean" which gave rise to the moon's 
anorthositic crust. If, on the other hand, they are 
younger than a significant fraction of the heavily 
cratered terrain then they could be (2) a smooth 
ejecta facies from large basin-forming impacts as pro-






deposit emplaced during the period of heavy bom-
bardment as proposed by Malin (1976). 
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The main argument against a basin ejecta deposit is 
the extremely widespread distribution of these 
deposits which cover about one-third of the planet 
viewed by Mariner 10, and the lack of identifiable 
source basins. The lunar Cayley-type deposits have a 
very patchy distribution and in most cases can be 
identified with a particular basin (Fig. 10). Further-
more, there are about 1.6 times fewer basins 
>200-km diameter per unit area on Mercury than on 
the moon (Schaber and Boyce, I976; also see Fig. II) 
and the ballistic range of ejecta is considerably 
w 




DIAMETER ( KM) 
Fig. 11. Comparison of the crater diameter/density distribution of the lunar highlands (same as Fig. 5) and Mercury's south polar 
and Discovery quadrangle regions (Mercury counts supplied by N.J. Trask) . See text for explanation. 
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shorter on Mercury due to its greater surface gravity 
(Gault et al. , 1975). 
Fig. 11 is a comparison of the crater diameter/ 
density distribution or lunar highlands (same as 
Fig. 5) and a portion of Mercury's "highlands" com-
piled by N.J. Trask (pers. commun., 1975). The 
Mercury "highlands" include heavily cratered terrain 
and large tracts of intercrater plains. Aside from the 
anomalously low density of basins, there are two 
other major differences between the Mercury curve 
and that of the moon. First , there is a significantly 
lower density of craters in the diameter range 15-
50 km which results in a distribution function of 
about -0.5. Secondly, there is a significant increase 












does not occur in the lunar highlands until diameters 
<7 km are reached. 
Fig. 12 is a similar plot comparing the lunar 
heavily cratered Clavius area and the Manzinus area of 
pitted plains with the south polar region (H-15 
quadrangle) of Mercury which also contains large 
tracts of intercrater plains. The Mercury crater popu-
lation is further subdivided into: (1) relatively fresh 
craters with sharp rims and well-defined ejecta 
blankets; and (2) older more degraded craters with no 
visible ejecta blankets. As does the Mercury curve in 
Fig. 11, the south polar region also shows a distribu-
tion function of about - 0.4 in the diameter range 
15 - 40 km and an increase in the density of craters 






x All Craters 
o Craters with sharp, well-
defined ejecta blankets 
Craters wi th no visible 
ejecta blankets 
Fig. 12. Comparison of the crater diameter/density distribution of the lunar Clavius and Manzinus areas with that of Mercury 's 
south polar quadrangle H-15. The shape difference between the fresher Mercurian craters and the older craters suggests that the 
intercrater plains have obliterated a portion of the original crater population. The similar shape of the Mercury "all craters" curve 
to that of the lunar Manzinus area further suggests that the Mercurian intercrater plains were emplaced in a manner similar to that 
of the pitted plains. 
:('15-km diameter on Mercury is almost certainly due 
to the abundance of superposed craters of this size on 
the intercrater plains. These craters are probably 
mostly secondaries from relatively fresh basins and 
large craters of the heavily cratered terrain. In the 
diameter range 15- 40 krn the Mercury curve for "all 
craters" has a distribution function of about - 0.4. 
Furthermore, the distribution function for the fresher 
Mercurian craters in this size range is less ( - 0.6) than 
that of the more degraded craters which shows a +0.7 
distribution function. This difference in slope 
between the "new" and "old" Mercurian crater den-
sity distributions suggests that the intercrater plains 
have preferentially obliterated some of the original 
crater population with diameters :('40 km and 
thereby changed the distribution function. The simi-
larity in the shape of the curve between the Mercury 
"all crater" curve and the lunar Manzinus and pre-
mare (Fig. 8) curves further suggests that the Mercu-
rian intercrater plains were emplaced in a manner 
similar to that of the lunar pitted plains and maria. 
Therefore , the crater statistics suggest that the 
original crater population, at least for diameters 
:('200 krn, was similar to that on the moon , but was 
altered by the emplacement of the intercrater plains 
which obliterated many of the craters. This argument 
is strengthened by the recognition of craters em bayed 
by intercrater plains (Malin , 1976), one of which is 
shown in Fig. 1. Since the high density of superposed 
small craters (:('15-krn diameter) on the intercrater 
plains is probably due mainly to secondaries from the 
fresher basins and craters of the heavily cratered ter-
rain , then the emplacement of the intercrater plains 
must have taken place sometime during the period of 
heavy bombardment on Mercury. Arguments against a 
basin ejecta origin for intercrater plains were 
presented previously. Therefore, the most likely alter-
native is that they represent an early episode(s) of 
widespread volcanic activity contemporaneous with 
the period of heavy bombardment. 
4. Summary and discussion 
Based on the crater statistics and stratigraphic 
evidence presented above, both the lunar pitted plains 
and Mercurian intercrater plains appear to be volcanic 
deposits emplaced during the later stages of heavy 
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bombardment on each body. This early period of 
highland volcanism preceded a later period of volcan-
ism which flooded basins and low-lying areas on both 
bodies ; the maria in the case of the moon and the 
smooth plains in the case of Mercury. If the period 
of heavy bombardment was the same on the moon 
and Mercury, then it is likely that the time of em-
placement of intercrater plains on both bodies was 
also similar. Thus both Mercury and the moon seem 
to have experienced a remarkably similar crustal and 
thermal history. 
One primary difference between the moon and 
Mercury is the much greater areal extent of inter-
crater plains on Mercury compared to their lunar 
counterpart. Thermal history models of Mercury by 
Solomon (1976a) suggest that there has been a sub-
stantial change in volume of the planet due to an 
increase in temperature resulting from the segregation 
of a large Fe core. The segregation of the core leads 
to an increase in radius of about 17 krn, which is 
followed by a 2-krn decrease in radius due to cooling 
of the lithosphere. This very large increase in radius 
would lead to extensive global extensional faulting 
providing easy egress for the extrusion of volcanic 
deposits on a global scale. These extensive lavas could 
have covered their source fractures as the mare lavas 
have done on the moon, which would explain why 
global extensional features are not visible today. The 
contraction of the lithosphere following core forma-
tion then produces global crustal contraction 
resulting in thrust faulting to produce Mercury's 
lobate scarps (Strom et al., 1975 ; Solomon, 1976b ). 
Transection relationships indicate that the lobate 
scarps post-date the formation of the intercrater 
plains. If this scenario is correct then the emplace-
ment of intercrater plains was contemporaneous with 
Mercury's core formation which in turn was occurring 
during the period of heavy bombardment. Trask 
(1976) has recognized several basins ~200-krn diam-
eter which have subdued rims but still have well-
preserved secondary crater fields. Perhaps these basins 
formed during the time when the relatively near sub-
surface was in a "plastic" state similar to the earth's 
asthenosphere and the rims and interiors of basins 
were subdued by isostatic adjustments; the second-
aries were preserved in their nearly original state 
because the depth to the plastic layer was too great 
for isostatic adjustments of these smaller craters. This 
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early Mercurian asthenosphere may have been the 
source of the intercrater plains and the asthenosphere 
itself the result of heating during core formation. 
Since the moon does not have a large Fe core, then 
any change in volume due to core formation would 
be small; a radius change no more than about 1 km in 
the last 3.8 b.y. according to Solomon (1976a). 
Therefore, early extensional fracturing would be less 
and result in only very limited volcanism to produce 
the very restricted distribution of pitted plains . 
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MOON-MERCURY: RELATIVE PRESERVATION STATES OF SECONDARY CRATERS 
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Scott , D .H., 1977. Moon-Mercury : Relative preservation states of secondary craters. Phys. Earth Planet. Inter., 15 : 
173-178. 
Geologic mapping of the Kuiper quadrangle of Mercury and other geologic studies of the planet indicate that secondary 
craters are much better preserved than those on the moon around primary craters of similar size and morphology . Among 
the oldest recognized secondary craters on the moon associated with craters 100 km across or less are those of Posidonius 
Atlas and Plato ; these craters have been dated as middle to late Imbrian in age. Many craters on Mercury with dimensions, 
morphologies and superposed crater densities similar to these lunar craters have fields and clusters of fresher appearing 
secondary craters. The apparent differences between secondary-crater morphology and parent crater may be due in part 
to : (1) rapid isostatic adjustment of the parent crater; (2) different impact flu xes between the two planets; and (or) (3) to 
the greater concentration of Mercurian secondaries around impact areas, thereby accentuating crater forms. Another factor 
which may contribute to the better state of preservation of Mercurian secondaries relative to the moon is the difference in 
crater ejecta velocities on both bodies. These velocities have been calculated for fields of secondary craters at about equal 
ranges from lunar and Mercurian parent craters. Results show that ejec tion velocities of material producing most of the 
secondary craters are rather low ( < 1 km/s) but velocities on Mercury are about 50% greater than those on the moon for 
equivalent ranges. Higher velocities may produce morphologically enhanced secondary craters which may account for their 
better preservation with time. 
l. Introduction 
A striking difference between the fine-scale tex-
ture of the moon and Mercury is evident in the hum-
mocky highly-pitted gouge-scoured terrain mapped 
as intercrater plains (Trask and Guest, 1975) on Mer-
cury ; it is believed to represent one of the oldest 
geologic units on the planet. This terrain is probably 
produced by secondary impact craters associated 
with primary craters having a broad range of sizes and 
ages. Similar textures occur locally on the moon but 
mostly around young craters of Copernican and 
Eratosthenian age as well as the Orientale and Imbri-
um basins. Fields of secondary craters do occur 
around a few older lunar craters of middle to late 
lmbrian age but the parent craters are large, having 
diameters approaching 100 km or more. The lunar 
secondaries appear to be less prominent, however, 
than those on Mercury around primary craters of 
comparable size and degradation state ; Mercurian 
secondaries seem to be remarkably well preserved 
(Schaber and Boyce , 1976) . Photographs use d in this 
study had nearly the same resolution, sun angles and 
viewing angles for each planet although differences 
in image enhancement remain. 
2. Craters studied 
Secondary craters around the lunar crater Posido-
nius (33°N, 30°E) and the Mercurian crater Equiano 
(39°S , 31 °W) are shown in Fig. 1. Both craters have 
rim crest diameters of about 100 km , terraced walls 
and central peaks. On the basis of their morphologic 
characteristics they appear to have reached about the 
same erosional stage although Posidonius has been 
clearly modified by internal processes. The number 
of circular bowl-shaped relatively-deep probably-
primary craters superposed on their ejecta blankets 
(or younger covering material) is about the same; 
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Fig. 1. Secondary-crater fields around two large (1 00-km) impact craters, Equiano on Mercury (A) and Posidonius on the moon (B). 
Both craters are believed to be about the same age. Secondary craters around Equiano are relatively large and deep compared to 
those visible about 1 crater diameter southeast of Posidonius. North is to the top. 
Posidonius has fifteen superposed craters and Equi-
ano thirteen within 3 radii (150 km) of their centers. 
Only craters larger than 5 km diameter were counted 
as smaller ones are more difficult to identify as to 
primary or secondary origin. Nearly equal crater den-
sities suggest that the similar degradation states of 
Posidonius and Equiano reflect their relative ages, 
provided the impact flux for both planets was about 
the same following the formation of the two craters. 
Posidonius is classified as late Imbrian in age (Scott 
and Pohn, 1972). 
The secondary craters of Posidonius occur mainly 
on its southeast flank and are concentrated in a zone 
extending about 75-150 km from its rim crest. Some 
secondaries have been mapped at a distance of 270 
km from the cen ter of the crater (Scott and Pohn, 
1972). All are rel atively shallow, circular to elongate 
and up to 5 km across; they are most prominent in 
overlapping clusters and linear chains. The field of 
secondaries around Equiano is concentrated within 
100 km of the rim crest but a few extend as far as 
230 km from the crater center. They have a much 
greater areal density, slightly larger dimensions, and 
appear to be deeper than secondaries of Posidonius. 
Both primary craters are partly filled with smooth 
planar deposits, in Posidonius mare basalt . 
In Fig. 2, a comparison is made between the crater 
Atlas ( 4 7°N, 45° E) on the moon and Lu Hsun (0°, 
24°W) on Mercury; again both craters have diameters 
of about 100 km and broadly similar morphologies, 
although Atlas exhibits pronounced floor fractures, 
which are not recognized within Lu Hsun. The num-
ber of superposed craters within 3 radii of their cen-
ters is not greatly different, eighteen on Atlas and 
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Fig. 2. Secondary craters around the lunar crater Atlas (A) , 
are much less prominent than those extending radially out-
ward from Lu Hsun on Mercury (B). 
Both craters are 100 km in diameter and appear to be about 
the same age. North is to the top. 
fourteen on Lu Hsun. Atlas is considered to be late 
Imbrian in age (Grolier, 1974). Its secondaries are 
most prevalent on the southern and southwest flanks 
where they extend outward as a continuous blanket 
80 km from the rim crest. Some are mapped at a dis-
tance of 230 km from the crater center (Grolier, 
1974). In places they form long radial chains and 
grooves . The troughs formed by overlapping second-
ary craters around Lu Hsun are longer and wider 
than those of Atlas and appear to be deeper. The sec-
ondaries around Lu Hsun pre-date the smooth plains 
material; secondaries around Atlas pre-date the mare 
basalt. 
The craters Plato (52°N, 10°W) on the moon and 
Khansa (67°S, 52°W) on Mercury, shown in Fig. 3, 
have diameters of about 100 km and somewhat 
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Fig. 3. Chains and clusters of secondary craters, though bare-
ly visible, form grooves and herringbone patterns around the 
lunar crater Plato (A). The Mercurian crater Khansa (B), 
although somewhat older appearing, has comparatively well-
preserved secondary impact gouges. 
resemble each other in that their floors are mostly 
covered by smooth plains (Khansa) or mare basalt 
(Plato). Plato is late Imbrian (M'Gonigle and Schlei-
cher, 1972) and is probably about as old as Posido-
nius and Atlas as it has a comparable number (15) 
of superposed craters. Khan sa, on the other hand , 
has much more subdued rim deposits and a more 
rounded crestline than the preceding examples of 
lunar or Mercurian craters referred to in Figs. 1 and 2. 
It also has the highest number (19) of superposed 
craters within 3 crater radii of its center and thus is 
probably older than the other craters. Even so, the 
radial grooves and clusters formed by its secondary 
craters have remained very prominent and are much 
more easily recognized than those around Plato. 
Khansa secondaries extend 300 km or more from its 
center; those around Plato have smaller ranges and 
have been mapped out to about 230 km (M'Gonigle 
and Schleicher, 1972). 
3. Other observations 
Other examples reflecting the better state of pres-
ervation of Mercurian craters relative to those on the 
moon are common. Trask (1976) has found well 
defined fields of secondary craters around 42% of the 
craters and basins larger than 100 km diameter on 
Mercury. Moreover , he points out that many of these 
features would fall into the more degraded morpho-
logical classes of other workers. It might be argued 
that the degree of degradation of secondary craters is 
in itself a criterion of relative age and that the more 
subdued lunar secondaries are associated with older 
primary craters, thus reflecting a longer period of 
erosion. However, other morphologic features that 
are believed to be indicators of relative crater age 
(Pohn and Offield , 1970), such as rim crest sharpness , 
preservation of wall terraces, central-peak promi-
nence, are equally, if not better developed on the 
lunar examples than on Mercury. They indicate that 
the primary source craters on the moon are as young 
as, or younger than those on Mercury. For this rea-
son, it is believed that the comparatively fresh, bolder 
appearance, and seemingly greater abundance of sec-
ondary craters on Mercury may be produced by some 
inherent difference between them and their lunar 
counterparts. Some apparent differences may arise 
from the shorter ballistic range of crater material on 
Mercury (due to gravity) if ejected at the same veloci-
ty as that of material on the moon; this would pro-
duce an increase in the visual accentuation of secon -
dary craters by allowing their greater concentration 
immediately around the area of impact. Gault et a!. 
(1975) have shown that the areal density of Mercury 
secondary craters is about five times that on the 
moon for relatively short ranges considered here. 
Such concentrated arrays of secondaries, however, 
would in themselves contribute to the further subdual 
of their topographic forms by the interaction of their 
ejecta blankets. 
4. Hypotheses for crater preservation 
Trask (I 976) has proposed that the subdued mor-
phology of large Mercurian craters having relatively 
fresh-appearing secondaries may be due to isostatic 
adjustment. Presumably such adjustments would not 
affect the much smaller secondary craters and they 
would be relatively less degraded than their parent 
primary craters. This situation would not exist on the 
moon as lunar craters are largely uncompensated 
(Sjogren et al., 1974). Schaber and Boyce (1976) on 
the other hand, believe that the preservation state of 
Mercury secondaries could be due to a lower flux of 
small primary bodies impacting Mercury resulting in 
less erosion of the secondary craters. Neither of these 
hypotheses are consistent with the superposed crater 
populations which suggest that, with the possible 
exception of Khansa , the Mercurian and lunar craters 
are nearly the same age. However, the areas around 
each of the craters in which counts were made are not 
large (about 7 · 104 km 2) and , statistically, the num-
bers obtained may not be good indicators of relative 
age. 
A factor possibly contributing to the better pres-
ervation states of Mercurian secondary craters com-
pared to those on the moon may be an original 
greater depth and size. The ranges of continuous 
ejecta deposits measured outward from rim crests are 
systematically larger on the moon than those on Mer-
cury but they are less than differences in their gravity 
fields would indicate (Gault eta!., 1975). This 
may be due partly to greater ejection velocities on 
Mercury than on the moon though the effect of 
postcratering rim widening and the point of origin of 
ejected material from within the crater have not been 
fully evaluated. 
In the preceding examples of large lunar and Mer-
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curian craters, most of their secondary fields of cra-
ters are concentrated within 150 km of their centers. 
This distance would be a maximum range, requiring 
that all ejected material which formed these second-
aries came from the basin centers. The minimum 
range of 100 km would imply that the ejecta origi-
nated near the walls of the present craters. Ejecta 
velocities associated with these two extremes are 
calculated from the ballistic range equation: 
R = v2 · sin 2a/g 
Assuming the ejecta angle (a) is constant at 45°, the 
maximum and minimum velocities follow: 








The velocity differences for both the maximum 
and minimum ranges amount to an increase of about 
50% on Mercury compared to the moon. Whether this 
increase in the velocity of impacting ejecta would be 
sufficient to significantly alter the morphologic char-
acteristics of the respective secondary craters is not 
known. Gravitational differences would affect the 
original size of the secondary craters and their later 
modification by slumping as would the material 
strengths of the lunar and Mercurian surfaces. Impact 
velocities and velocity differences are somewhat 
improved if the greatest recognizable ranges of the 
secondary craters are used. For example, secondary 
craters are identifiable 270 km from Posidonius and 
300 km from Khansa . Ejection velocities associated 
with these two craters are: 
Maximum velocity in m/s (range from crater center): 
Posidonius 663 
Khansa 1 ,054 
t.v 391 






Secondary impact craters appear to be better 
preserved on Mercury than on the moon around large 
parent craters of similar size, degradation state and 
probable relative age. The secondary-crater fields 
form dense to moderately dense arrays at about equal 
distances from their source craters on both planets . 
Differences in isostatic adjustments and impact 
fluxes between Mercury and the moon may account 
for some of the observed discrepancies. It is also sug-
gested, however, that the higher impact velocities of 
crater ejecta on Mercury may contribute to the mor-
phological enhancement of its secondary craters. 
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Allen, C.C., 1977. Rayed craters on the moon and Mercury. Phys. Earth Planet. Inter., 15 : 179- 188 . 
Many fresh craters on the moon and Mercury exhibit systems of bright rays. Statistical comparison of the diameter/ 
density distributions of fresh craters and rayed craters on these two bodies indicate that the rayed-crater populations are 
representative samples of the larger populations of fresh craters. The rayed-crater population on Mercury, however, is not 
similar either to the rayed- or to the fresh-crater population on the moon. 
Photo geological interpretation of the best available lunar imagery indicates that "ray material" is indeed ejected from 
the primary craters, and should be present in the lunar soil. Although the distribution of the ray material may be patchy , 
it probably occurs in deposits of thickness greater than the characteristic depth to which subsequent impact processes over-
turn the regolith. The time needed to darken a ray system thus may be more dependent on the thickness of the ray mate-
rial than on the rates of the various darkening processes, and darkening rate may be a function of crater size. 
Ray darkening on the lunar surface is an inefficient process at present. The rays of craters more than 1 b.y. old are still 
bright, whereas the rays of craters older than Class 1 have generally faded to imperceptibility. 
I. Introduction 
Rayed craters on the lunar surface have long been 
recognized as fresh, relative to craters without ray 
systems. Photography from the earth and from lunar 
orbit confirms that rayed craters generally exhibit 
morphologies consistent with relatively recent forma-
tion and relatively low degrees of degradation. The 
rayed craters on Mercury also appear to be relatively 
fresh . One goal of the present study was to examine 
the rayed-crater populations of the moon and Mer-
cury, as representatives of the larger populations of 
fresh craters. A second goal was to compare the 
rayed-crater populations of the two bodies to each 
other. 
Mariner-IO, Apollo and earth-based data were 
used to study the processes by which rays have been 
formed and degraded on the moon and Mercury. The 
radiogenic dating of lunar samples has made it possi-
ble to assign approximate ages to a few ray systems 
and craters. Some uncertainties still remain, but the 
data now in hand permit a considerably more confi-
dent interpretation of these features than has been 
possible previously. 
2. Crater statistics 
The flux and size distribution of impacting bodies 
in the inner solar system have been investigated using 
the distributions of size and relative degradational 
class of craters. Such studies have been performed 
with the crater populations of the earth, the moon, 
Mercury, Venus, Mars, and the Martian satellites, 
Deimos and Phobos. The precision of these investiga-
tions has varied greatly, depending upon the resolu-
tion available, the extent of coverage of the surfaces, 
and the ability to model the crater-degrading pro-
cesses on the various bodies. The limited number and 
general similarity of the erosive forces postulated for 
the moon and Mercury make their surfaces the most 
logical candidates for inter-comparison of crater 
statistics. 
In the case of the moon, Lunar Orbiter IV pro-
vides the primary data base for most cratering studies, 
covering the earth-facing hemisphere with consistent 
vertical photography at a resolution of 60-70 m and 
a near-constant lighting angle of around 20° at the 
equator (NASA, I968) . Mariner I 0 photographed 
various parts of one hemisphere of Mercury on three 
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encounters with resolutions generally in the 1-3 km 
range . Lighting and viewing geometries varied widely 
across the planet (Strom et al., 1975). 
Statistical studies of lunar craters, comparing the 
diameter/density distributions of different classes, 
have shown marked differences between the popula-
tion of fresh (Class 1) craters and the more degraded 
(Classes 3-5) features, with Class 2 apparently repre-
senting a mixture of the two populations (Whitaker 
and Strom, 1976). A similar investigation of Mercury 
is hampered by the quality of the Mariner-1 0 imag-
ery, which makes it difficult over large areas to assign 
unambiguously to a crater a degradational class 
directly comparable to that of the lunar craters 
(Guest and Gault, 1976). Therefore , the rayed cra-
ters were investigated as a probable representative 
sample of the Class-1 craters on both bodies. 
2.1 . Data base 
The data base for the lunar rayed-crater study is 
the set of full-moon photographs included in the Con-
solidated Lunar Atlas (Kuiper et al., 1967). All rayed 
craters greater than 7 km in diameter in the study 
area were identified, measured (accurate to 0.1 km) 
and assigned a relative degradational class based on 
Lunar Orbiter-IV measurements presently being 
carried out at the Lunar and Planetary Laboratory. 
The study area consists of that part of the earth-
facing hemisphere of the moon (approximately 56%) 
located within 0.9 lunar radii of the center-of-face, as 
seen in orthographic projection. This restriction elim-
inates the highly-foreshortened limb areas, where 
viewing and lighting geometry bias against the recog-
nition of small rayed craters. 
The Mercury data base consists of the Mariner-10 
second encounter photographs. This imagery covers 
essentially the entire sunlit portion of the southern 
hemisphere and a part of the northern hemisphere. 
Diameters for rayed craters larger than 7 km are 
determined with an accuracy ranging from 2- 5 km, 
depending on the scale of the individual photograph. 
All photographs which include a view of the planet's 
limb were excluded, to reduce the bias against small 
craters discussed above. The areas thus excluded were 
covered by other images with less oblique viewing 
angles, however. Photographs at all lighting angles 
were included, though on the moon the discernibility 
of ray systems is known to decrease near the termina-
tor (Baldwin, 1963, p. 352). While the Mariner-1 0 
images show several small craters with bright-ray sys-
tems within approximately 8° of the terminator on 
the Cal.oris basin, a sharp dropoff in rayed-crater 
density is seen for lighting angles below 20°. Thus, 
due to the viewing and lighting geometry of the 
photographs, some rayed craters of small diameter 
most likely were missed. 
A rayed crater, for the purposes of this study, is 
defined as one exhibiting generally linear high-albedo 
features radial or sub-radial to the crater. Bright-
haloed craters, common in the diameter range up to 
about 10 km, were not included. Craters lying on the 
rays of other craters were not included unless they 
unambiguously showed ray systems of their own. 
2.2. Analysis 
The craters were analyzed by using a diameter/ 
density distribution plot, which accentuates the 
departures of distributions from simple power-law 
functions. Power-law distributions appear as straight 
lines as on any log-log plot, with a function having 
an exponent of -2 here exhibiting a slope of zero. 
Crater diameter is plotted against the percentage of 
the total surface area covered by craters of a set diam-
eter range, on an incremental plot. The basic equa-
tion is: 
rrD~ 1 
P= 4 ·A -100 ·N 
where 
P per cent area covered by craters in a given 
diameter range 
Dm geometric mean diameter in each range 
A total surface area studied 
N = number of craters in a given diameter range 
The craters were segregated into bins which increase 
in diameter range in increments of 2\1', starting at a 
diameter of 7 km on the moon and 7 or 8 km for the 
Mercurian craters. Dm is a geometric mean diameter 
for each bin, i.e., the lower diameter limit in each bin 
multiplied by 2'1.._ Confidence intervals on the plots 
reflect only statistical uncertainty, with£(±)= PjN'~'. 
The various crater distributions, on the diameter/ 
density plot, were compared using the statistical test 
ofKolmogorov and Smirnov (Hollander and Wolfe, 
1973, p. 219 ff.) . The contention that two distribu-
tions are representative of the same population can be 
rejected at a confidence level determined by this test. 
Rejection at a confidence level of 90% or higher is a 
strong indication that the distributions were not 
derived from the same population, but if the con-
fidence level is below 90% the contention will not be 
rejected . The Kolmogorov-Smirnov test compares 
the shapes and slopes of the curves, but not the areal 
densities of the craters. Nevertheless, this method is 
among the most powerful general statistical tests of 
the similarity of samples . 
2.3. Results 
Analysis of the full-moon photographs yielded 132 
rayed craters greater than 7 km in diameter within 
the study area. Based mostly on the sharpness of the 
crater rims, 89% of the sample population was classi-
fied as Class I and 8% as Class 2. Although the lunar 
rayed craters are thus almost exclusively a subset of 
the Class-1 craters, further analysis was required to 
determine whether or not they are a representative 
sample in terms of their diameter/ density distribu-
tion. 
Fig. I shows both the diameter/density distribu-
tions of I ,149 frontside highlands Class-1 lunar cra-
ters and the 132 rayed craters from the study area. 
The highlands Class-1 curve strongly resembles a -2 
distribution in both shape and slope, and this is con-
firmed by the Kolmogorov-Smirnov test, which shows 
that the contention of similarity cannot be rejected at 
a confidence level of 90%. The contention that the 
rayed-crater distribution is representative of the high-
lands Class-1 distribution cannot be rejected at a con-
fidence level above 12%, despite the apparent dissimi-
larity of the two curves. 
On Mercury statistics for a distinct Class-1 popula-
tion are not yet available, so the distribution of post-
Caloris craters was substituted. The Caloris basin fill 
and surrounding "smooth plains" material (Trask and 
Guest, 1975) provide the only large and reasonably 
recent time horizon yet recognized on the planet. All 
craters over 8 km in diameter which postdate the 
emplacement of the plains material were measured, 
out to a distance of 2 basin radii from the center of 
the basin. The plot of these 233 craters (Fig. 2) is 
consistent with a slope corresponding to a power-law 
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Fig. 1. Diameter/density distribution plots of 1,149 frontside 
lunar highlands Class-1 craters and 132 lunar rayed craters 
with diameters greater than 7 km, compared with - 2 power-
law function distribution. 
tion cannot be rejected with 90% confidence. The 
plot for the 115 Mercurian rayed craters over 8 km in 
diameter in the study area appears superficially simi-
lar to the post-Caloris distribution, and the conten-
tion of similarity in this case cannot be rejected with 
a confidence of over 65%. 
Counts of craters on the post-Caloris smooth 
plains by Guest and Gault (I 976) yielded a curve 
which they interpreted as approximating a power-law 
function with an exponent of -2. Their published 
results, however, did not include the raw counts and 
thus could not be compared by the present graphical 
method, which emphasizes departures from a line of 
constant slope. 
The conclusion, therefore, that on both the moon 
and Mercury the rayed craters form a representative 
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Fig. 2. Diameter/density distribution plots of 233 post-
Caloris Mercurian craters and 115 Mercurian rayed craters 
with diameters greater than 8 km, compared with - 1.5 
power-law function distribution. 
each body cannot be rejected. Furthermore, in both 
cases the areal density of the rayed craters tends to 
be well below that of the fresh-crater population. 
These conclusions are consistent with the hypothesis 
that the rayed craters represent the most recent of 
the fresh impacts. Additionally, assuming that most 
cratering impacts formed rays, the lunar ray systems 
generally appear to have been covered or darkened 
beyond recognition in less than the age of the oldest 
Class-1 craters, and those on Mercury in less than the 
age of the Cal oris smooth plains. 
The dropoff in the number of rayed craters in the 
smallest diameter interval on both the moon and Mer-
cury may reflect the difficulties in recognizing small 
ray systems in various areas of these surfaces, as dis-
cussed above. Some small craters may never have 
had rays, or only had faint rays or small bright haloes. 
Alternatively, the shapes of the curves may be indica-
tive of a process which darkens the rays of small cra-
ters faster than those oflarge ones. In any case, the 
qualitative conclusions derived from the statistical 
similarity or dissimilarity of the shapes of the various 
curves would not be altered if the actual density of 
rayed craters in the lowest diameter interval on each 
body was increased by a factor of two. 
Comparison of the rayed-crater distributions on 
the moon and Mercury (Figs. I and 2) shows that 
they are quite different. These two curves are not 
directly comparable by means of the Kolmogorov-
Smirnov test, however , since a minimum diameter of 
8 km was used to plot the Mercurian data and a diam-
eter of 7 km was used for the lunar data. However, 
the Mercurian data base was reexamined and a plot 
of all rayed craters in the study area was constructed 
employing a minimum diameter of 7 km. This distri-
bution of 124 craters was compared with the lunar 
curve for the 129 lunar craters in the same diameter 
range (7- 79.2 km). The contention that these two 
distributions were derived from the same population 
can be rejected at a confidence level of over 98%. 
A similar comparison of the Mercurian rayed-crater 
curve with the lunar highlands Class-1 distribution 
shows that in this case the similarity contention fails 
with over 99% confidence. Thus, the existence of a 
population of Mercurian craters directly equivalent to 
the lunar Class-1 craters in diameter-density distribu-
tion is not indicated by this study. While these dis-
similarities may be due to differences in the mecha-
nisms of production, obliteration or initial brightness 
of ray systems on the two bodies , they may also be 
evidence for different populations of impacting 
bodies in these two regions of the inner solar system . 
The significance of Class-1 craters on the lunar sur-
face has been discussed above. The diameter/density 
distribution of these craters is distinctly different 
from that of the more degraded craters of Classes 
2-5. This difference has been interpreted (Whitaker 
and Strom, 1976) as evidence of two distinct popula-
tions of impacting bodies. The statistical similarity 
between the lunar Class-1 and rayed-crater distribu-
tions, coupled with the dissimilarities between these 
distributions and that of the Mercurian rayed craters, 
may indicate differing impact flux histories on these 
two bodies. 
3. Ray formation and darkening 
The appearance of a ray system at moderate reso-
lution, such as on an earth-based photograph of the 
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Fig. 3. Section of a complex of prominent crater rays on the surface of western Mare Crisium . 
Horizontal dimension approximately 22 km; image trends approximately north-northeast. From centra l portion of Apollo-15 Pan 
Camera frame No . 9235 . 
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Fig. 4. 2.5-km rayed-crater on the rim of the crater Lick on Mare Crisium. 
Image trends approximately north-northeast. From central portion of Apollo-15 Pan Camera frame No. 9485. 
moon, is that of a spray of bright material originating 
at the crater. This interpretative description has led 
to the search for ray material in samples of lunar soil. 
Such material presumably would be identifiable as a 
high-reflectivity fraction with possible compositional 
and textural differences from the local regolith , espe-
cially if the parent crater was located at a consider-
able distance. Both Apollo 12 and 14 landed on areas 
apparently traversed by rays from the crater Coper-
nicus, and a few small samples of red-brown and 
greenish-yellow ropy glass from those sites have been 
classified as probable Copernicus ray material (Marvin 
eta!. , 1971; Taylor eta!., 1972). 
The Apollo missions yielded a wealth of high-
resolution photography from lunar orbit, which 
allows further refinement of the observations of 
crater-ray systems. The highest resolution available is 
that of the panoramic cameras carried on Apollos 
15 - 17. This system took panoramic sweeps perpen-
dicular to the orbit track, with a resolution of better 
than 3 m directly beneath the spacecraft at perilune 
(El-Baz, 1972). Figs. 3 and 4 are sections of Apollo-
IS Pan Camera frames depicting large and small ray 
systems on Mare Crisium . Secondary and tertiary cra-
ters numerous enough to account for the brightness 
of the rays [as suggested by Oberbeck ( 1971)] are 
not visible at a resolution of around 3m. In fact, the 
rays appear to be sprays of bright finely -divided 
material ejected from the primary craters, just as they 
do at much lower resolution . While small secondary-
and tertiary-crater ejecta blankets undoubtedly 
account for a portion of the high albedo of rays, it 
seems that actual ray material, derived from primary 
craters , does indeed exist and should be identifiable 
in the lunar soil. The paucity of ropy glass at the 
Apollo-12 and -14 sites may be evidence that such 
material is distributed in patches within the broad 
outlines of a ray. 
The problem of turnover of the lunar soil and 
rapid burial of a thin layer of ray material at the sur-
face must be addressed. The problem disappears, 
however, if the thickness of ray material at a particu-
lar site is greater than the characteristic depth to 
which this turnover reaches. Gault et al. (I 974) have 
calculated that this depth is on the order of 0.1 - 1 m 
for the oldest mare surfaces. In this case micromete-
oroid impact does overturn the surface layer, but in 
so doing exposes fresh bright ray material. The dark-
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ening time for a 1 ,000 A thick layer on the lunar sur-
face is estimated to be in the range 104-107 year, 
while the time scale for turnover of a surface layer 
may be considerably shorter (B . Hapke, pers . com-
mun., 1976). Thus, for a "thick" ray the darkening 
rate may be controlled by the thickness rather than 
the rate of darkening of undisturbed material. If this 
is indeed the case, and if small craters eject a lesser 
thickness of ray material than large craters, it pro-
vides a mechanism by which the rays of small craters 
are obliterated more rapidly than those of large ones. 
4. Ages of ray systems 
Absolute age determinations for features on the 
surface of Mercury will have to await the dating of 
samples. Lunar samples have been dated, however , 
and these dates, combined with photogeological 
interpretation, allow a lower limit to be set on the 
ages of some bright ray systems. 
As noted above , some investigators believe that 
they have identified ray material from Copernicus in 
lunar soil samples . This material has been radiogeni-
cally dated, and the last major heating event in its 
history appears to have occurred approximately 0.85 
b.y . ago (Eberhardt eta!. , 1972) . This has been inter-
preted by many investigators (El-Baz , 1974) as the 
date of the Copernicus impact. 
The Class- I 20-km diameter crater Lichtenberg , 
located on Oceanus Procellarum , possesses a bright 
and widespread ray system which is severely truncat-
ed on the southeast side. Fig. 5 shows that this trun-
cation is the result of a thin lava flow , which covered 
that portion of the ray system and embayed the 
ejecta blanket but which left the crater itself intact 
(Schultz, 1976, p. 424). The areal density of subse-
quent impact craters on the surface of this flow, to 
the resolution limit of Lunar Orbiter-IV photography, 
is no more than a factor of two lower than that on 
the lavas at the Apollo-12 site which were radiometri-
cally dated at 3.3 b.y . old by Compston eta!. (1971). 
Furthermore , the crater density on the Lichtenberg 
flow is intermediate between those on Oceanus Pro-
cellarum flows dated by means of crater degradation 
at approximately 2.4 and 1.2 b.y . old by Boyce et a!. 
(I 975) . Thus , rays from craters the size of Lichten-
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Fig. 5. 20-km rayed-crater Lichtenberg on Oceanus Procellarum. 
Image trends approximately north . From Lunar Orbiter-IV frame No. 175-Hl 
berg apparently can remain bright through consider-
ably more than 1 b .y. 
A probable maximum age for ray systems could 
be derived by locating craters; (1) whose ray systems 
have disappeared, and (2) which impacted dated sur-
faces. Such a procedure is open to question, however. 
Some craters may have been formed without ray sys-
tems, owing to the nature of the impact or the target 
material. Ray systems may also be covered by thin 
lava flows. Such factors may help to explain why the 
density ofClass-1 craters is so much higher than that 
of the rayed craters (Fig. 1). 
The large crater Theophilus, with rays crossing 
Mare Nectaris and Mare Tranquillitatis, is one of the 
more degraded members of Class 1. The rays of Theo-
philus have faded to the point at which they are bare-
ly discernible. This observation is in agreement with 
the crater counts discussed above, which indicate that 
most ray systems fade in less than the age of the old-
est Class-1 craters. 
Thus, the process by which rays are darkened on 
the moon must be rather inefficient, at least within 
recent history. The rays of craters such as Lichten-
berg and Copernicus have remained bright for a bil-
lion years or more. The characteristic maximum age 
of ray systems cannot be similarly determined, but it 
is generally less than the age of the oldest Class-1 
craters. 
5. Conclusions 
Lunar rayed craters may be considered a represen-
tative sample of the Class-1 craters in terms of diam-
eter/density distribution. Rayed craters on Mercury 
may likewise be considered representative of the 
freshest recognizable set of craters on that planet, the 
post-Caloris craters. The diameter/ density distribu-
tion ofMercurian rayed craters, however, is signifi-
cantly different from that of the lunar rayed craters 
and that of the lunar Class-1 craters. 
Ray systems of lunar craters appear to be com-
posed of a combination of locally derived ejecta from 
secondary and tertiary craters and finely divided 
materi·al from the primary crater. This primary ray 
material, though patchily distributed, should occur 
in deposits of moderate (0.1-1 meter) thickness 
and should be identifiable in lunar soil samples. 
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The rapid turnover of ray material, with the con-
sequent exposure of fresh bright material, serves to 
decouple the rate of darkening of rays from the rates 
of the various surface darkening processes. The rate 
of ray darkening may be more dependent on the 
thickness of the deposit, and thus the presumably 
thinner rays of small craters may darken significantly 
faster than the thicker rays of large craters. 
Ray systems of large craters on the lunar surface 
can remain bright for at least 1 b.y. Such rays are gen-
erally darkened to imperceptibility in less than the 
age of the oldest Class-1 craters. 
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Schaber , G.G., Boyce, J.M. and Trask, N.J., 1977. Moon-Mercury : Large impact structures , isostasy and average crustal 
viscosity. Phys. Earth Planet. Inter., 15: 189-201. 
Thirty-five craters and basins larger than 200 km in diameter are recognized on the imaged portion (45% ) of Mercury. 
If the unimaged portion of the planet is similarly cratered, a total of 78 such impact features may be present. Sixty-two 
craters and basins 200 km in diameter are recognized on the moon, a body with only half the cross-sectional area of Mer-
cury. If surface areas are considered, however, Mercury is cratered only 70% as densely as the moon. The density of impact 
craters with diameters greater than 400 km on Mercury is only 30% of that on the moon , and for craters with diameters 
between 400 and 700 km, the density on Mercury is only 21 % of th e lunar crater density. 
The size - frequency distribution curve for the large Mercurian craters follows the same cumulative - 2 slope as the lunar 
curve but lies well below the 10% surface saturation level characteristic of the lunar curve. This is taken as evidence that 
the old heavily cratered terrain on Mercury is, at least presently, not in a state of crate ring equilibrium. The reduced den-
sity oflarge craters and basins on Mercury relative to the moon could be either a function of the crater-production rates on 
these bodies or an effect of different crustal histories. Resurfacing of the planet after the basin-forming period is ruled out 
by the presence of 54 craters and basins 100 km in diameter and larger (on the imaged portion of Mercury) that have either 
well-defined or poorly-defined secondary- crater fields. 
Total isostatic compensation of impact craters ~800 km in diameter indicates that the average viscosity of the Mer-
curian crust over the past 4+ aeons was the same as that for the moon (- 1026.5 P). This calculated viscosity and the dis-
tribution of large craters and basins suggest that either the very early crustal viscosity on Mercury was less than that of the 
moon and the present viscosity greater , or the differences in large crater populations on the two bodies is indeed the result 
of variations in rates of crater production. 
1. Introduction 
The size-frequency distribution of Mercurian 
craters and its significance with regard to planetary 
cratering processes have been subjects of considerable 
debate since the Mariner-10 mission (Murray et al., 
1975 ; Guest and Gault, 1976; Malin , 1976; Strom 
and Whitaker, 1976 ; Trask, 1976 ; Wood and Head, 
1976). Comparison of the data on Mercurian and 
lunar craters has been of special interest because the 
crater distribution in heavily cratered parts of Mer-
cury is like that of the moon. Mercury, however, has 
fewer craters and basins larger than 100 km in diam-
eter and fewer craters smaller than 50 km in diameter 
(Trask, 1976). Guest and Gault (I 976) gave several 
possible explanations for the apparent loss or defi-
ciency of the smaller (<SO km) Mercurian craters . 
Trask (1976) presented data confirming that the 
heavily cratered areas on Mercury are not in a state 
of equilibrium (except perhaps near the 90-km size) 
and gave evidence for isostatic compensation having 
occurred on the Mercurian surface. 
We have upgraded data on the location, diameter 
and size- frequency distribution of large Mercurian 
craters and basins (larger than 200 km in diameter) 
and analyzed the possible magnitude of isostatic com-
pensation in Mercury's early history. 
2. 1 : 5 ,000,000 scale quadrangle maps of Mercury 
Published lists (Malin, 1976 ; Wood and Head, 
1976) of large (>250 km in diameter) Mercurian 
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Fig. 1. Shaded relief index to quadrangle maps of Mercury showing distribution of all craters and basins > 200 km in diameter. 
Produced by USGS for use with topographic and geologic maps of Mercury. 
craters and basins have contained unavoidable errors 
in crater numbers, crater diameters and coordinates 
of location resulting from the use of preliminary 
maps with uncontrolled photomosaic bases and coor-
dinate systems. The use of recently completed recti-
fied photomosaic bases and shaded relief cartographic 
maps for nine 1 : 5,000,000 scale quadrangles 
(USGS) has enabled us to locate precisely all recog-
nizable craters and basins >200 km in diameter on 
the 45% of the planet imaged to date (Fig. 1). The 
1 : 5,000,000 photomosaics and shaded relief maps 
used in this study , the types of map projections, and 
the quadrangle numbers include the following: Mer-
cator (H-6-H-8) ; Lambert Conformal (H-2, H-3, 
H-11, H-12); and Polar Stereographic (H-1 and H-15). 
The H-3 quadrangle [Shakespeare (Caduceata)] con-
tains a small part of the H-4 quadrangle (Liguria). 
-65° 
oo 
3. Populations of large craters and basins on Mer-
cury and the moon 
In the present investigation, 3 5 complete craters 
and ringed basins with diameters of 200 km or more 
have been recognized on the imaged portion ( 45%) 
of Mercury (Fig. 1, Table I). If the unimaged part of 
Mercury is similarly cratered, 78 such craters may 
exist on the entire planet. This number is not signifi-
TABLE I 
Craters and basins >200 km in diameter on Mercury 
Name Quadrangle(s) Location 
lat. ( 0 ) 
H- 6 14.6S 
Vivaldi H- 7 14.5S 
Bach H-12 (15) 69.6S 
Wren H- 2 24.6N 
Valmiki H- 7 (12) 23.1S 
H-11 62.6S 
H-12 44.8S 
H- 3 26.8N 
Cervantes H-15 74.5S 
H- 3 56 .2N 
H-12 37.0S 
Renoir H- 6 18.0S 
Rodin H- 6 ( 2) 21.6N 
Pushkin H-11 (15) 65.0S 
H- 8 2.7S 
H- 6 15.7S 
Haydn H-11 26.4S 
H- 3 43.5N 
Mozart H- 8 8.0N 
Vyasa H- 2 48 .5N 
Homer H- 6 0.9S 
H- 3 29.3N 
Goethe H- 1 80.0N 
Raphael H- 7 19.5S 
H- 6 2.1S 
H- 3 28.0N 
H- 3 48.6N 
H- 3 27.3N 
H-12 44.4S 
Tolstoj H- 8 16 .0S 
H- 2 5l.ON 
Beethoven H- 7 (12) 20.5S 
H- 3 33.5N 
H- 7 1.8N 
Calor is H- 4 (3, 8) 30.9N 
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candy larger than the 62 craters and basins 200 km in 
diameter and larger found on the moon, a body with 
a cross-sectional area about half that of Mercury 
(Table II). Malin (I 976), using a larger size cutoff of 
250 km in diameter for both craters and basins, 
found 42 such features on the moon and a calculated 
total of 40 on Mercury. Our data (Tables I, II) indi-
cate a total of 41 and 4 7.6 impact features larger than 
250 km in diameter for the moon and Mercury, 
Diameter (km) 
long. ( 0 ) inner ring crater rim 
63.4 200 
86.1 100 202 
103.0 106 204 
35.5 128 211 
141.5 104 213 
30.4 213 
109.8 111 215 
164.7 218 
122.5 153 224 
105 .6 115 226 
124.7 126 226 
51.7 113 234 





159.3 153 256 
191.0 258 
80 .0 277 







146 .1 379 
177.0 392 








Craters and basins > 200 km in diameter on the moon 
Name Location Diameter (km) Refer-
ence 
lat. n long. C) inner crater outer 
ring diameter ring 
1. Humboldt 27S 80E 200 (1) 
2. Boltzmann 55S li5W 200 {1) 
3. Schwarzschild 70N 120E 70? 200 (2) 
4. Zeeman 75S 134W 201 (1) 
5. Vaporum 13N 3E 135 205 
6. Mach 18N 149W 205 {1) 
7. Galois 14S 152W 205 (1) 
8. Belkovich 61N 90E 210 
9. unnamed 16S 70E 210 
10. Oppenheimer 36S 166W 215 (1) 
11. D'Alembert 52N 164E 220 (1) 
12. Landau 42N li9W 220 (1) 
13 . Grimaldi 5S 69W 222 
14. Clavi us 58S 15W 225 
15. Pasteur 12S lOSE 235 (1) 
16. Campbell 45N 151E 235 (1) 
17. Aestuum 12N 9W 140 240 
18. Von Karman 48S 175E 240 {1) 
19. unnamed 57N 99W 240 
20 . Milne 31S 113E 120 240 (2) 
21. Fermi 19S 123E 241 
22. Leibnitz 38S 178E 250 (1) 
23. Iridum 45N 31W 262 
24. Gagarin 20S 149E 270 {1) 
25. unnamed 68S lOSE 285 580 (1) 
26. Bailly 67S 68W 145 300 ? (2) 
27. Pringn~ 56S 78W 300 660? {1) 
28. lngenii 33S 163E 320 (J) 
29 . Schrodinger 75S 132E 155 320 (2) 
30. Birkhoff 59N 147W 170 320 (2) 
31. Planck 58S 135E 190 325 (2) 
32. Mendeleev 6N 141E 330 {1) 
33. Lorentz 34N 97W 160 330 (2) 
34. Poincare* 1 58S 161E 180 335 (2) 
35 . unnamed (VI) 81S 129E 335 (J) 
36. near schiller 56S 45W 180 350 (2) 
37. Korolev 4S 147W 200 405 (2) 
38. Moscoviense *I' *2 26N 147E 205? 410 700? (2) 
39 . Grimaldi (basin) 7S 69W 220 410 (2) 
40 . unnamed 53N 123W 135 410 (J) 
4 1. Humorum *3 24S 39W 270 410 700 (2) 
42. Keeler-Heaviside liS 162E 450 (5) 
43. Smythii lS 87E 450 810 (2) 
44. Crisium *3 16N 59E 330 450 670 (2) 
45. SE Limb Basin *3 49S 94W 220 480 (2) 
46. Apollo 36S 153W 245 500 (2) 
47. Hertzsprung *3 lN 129W 240 500 (2) 
48. Tranquillitatis (east) liN 38E 500 (4) 
49. Fecunditatis 3S 48W 235? 520 (2) 
TABLE II (continued) 
Name Location 
lat. n 
50. Tranquillitatis (west) 9N 
51. Al-Khwarizmi- King lN 
52. Freundlich- Sharonov 19N 
53. Lomonosov- Fleming 20N 
54. Humboldtianum 58N 
55 . Nectaris *3 15S 
56. Orientale * 3 21S 
57 . Serenitatis *2 26N 
58 . Nubium 19S 
59 . Australe 45S 
60. Imbrium 38N 
61. south pole 50S 
62. Gargantuan * 1 
63 . Tsiolkovskj - Stark 5S 
R eferences: 
Diameter (km) 

















































1 = Hartmann and Wood (1971); 2 =Wood and Head (1976) ; 3 = El-Baz and Wilhelms (1975); 4 = Stuart-Alexander and Howard 
(1970);5 =Stuart-Alexander (1976) . 
Notes: 
* 1 Ring assignment uncertain. 
*2 D.H. Scott (1974) believes that Serenitatis is actually two basins 400 and 430 km in diameter. 
* 3 Additional rings indica ted by (1) . 
respectively. These values are in fair agreement with 
Malin's even though there are differences between 
the two data sets. 
The actual number of observed and calculated 
craters and basins (>200 km) on Mercury is 1.2 times 
higher than that on the moon if surface areas of the 
bodies are not considered . If densities are determined 
per unit area , however , Mercury is cratered only 0.7 
times as densely as the moon. For impact features 
larger than 250 km in diameter, the densities are 1.3 
and 0.6, respectively . An important change in the 
populations of basins on the two bodies occurs for 
impact features larger than 400 km in diameter. The 
total number of such features on Mercury relative to 
the moon is 0 .6 whereas the areal density of such fea-
tures on Mercury is only 0.3 times that of the moon . 
For crater diameters between 400 and 700 km, Mer-
cury has a crater density only 0.2 times that of the 
moon. 
4. Statistical significance of differences in number of 
large impact craters on Mercury and the moon 
A conventional method of graphically presenting 
crater-size and population data has been to plot 
cumulative number of craters per million square 
kilometers or per square kilometer in relation to 
crater diameter. Error bars based on standard error 
calculations(± yN/A, where N =cumulative number 
of craters in a class interval/unit area, A) are neces-
sary for statistical analysis but are not used consis-
tently by some workers ; we include them for our 
Mercurian and lunar data (Fig. 2) . The error bars for 
the Mercurian craters do not overlap those of the 
moon for craters between about 200 and 600 km in 
diameter, and the lack of overlap shows a significant 
deficiency in the population of large impact craters 
(normalized to surface area) on Mercury relative to 
the moon. The lunar-crater size-frequency distribu-
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Fig. 2. A. Log-log cumulative size- frequency distribution of craters and basins >200 km in diameter on Mercury. 
Bars represent standard error. 
B. Log-log cumulative size- frequency distribution of craters and basins > 200 km in diameter on the Moon. 
Bars represent standard error. 
tion data lie approximately on the 10% saturation 
line as defined by Gault (1970); the data for Mercury 
consistently fall below this line. These data thus sup-
port the conclusion of Trask (1976) that the oldest 
heavily cratered terrains on Mercury are not present-
ly in a state of cratering equilibrium. There is no 
universal agreement, however, that Gault's 10% satu-
ration curve actually does represent saturation crater-
ing equilibrium. 
The difference between the percentage of surface 
area covered by large craters of various sizes on Mer-
cury and that on the moon is shown graphically in 
Fig. 3. It is apparent that the possible undersatura-
tion of Mercury as compared to the moon is domi-
nant for craters 400-700 km in diameter. 
5. Absence of a post-basin resurfacing of Mercury 
If accretion resulted in a primordial surface, every-
where cratered to equilibrium, as widely postulated 
(e.g., Kaula and Bigeleisen, 1975), Mercury was com-
pletely resurfaced at least once to form the globe-
encircling intercrater plains before the presently 
observable basins and largest craters formed (Trask, 
1976). This must be true, because most of the large 
craters and basins observed on the heavily cratered 
part of Mercury appear to postdate the intercratered 
plains (Trask and Guest, 1975) and do not represent 
a steady state. 
The reduced number of large craters and basins 
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Fig. 3. Histogram relating percentage of surface area covered by craters and basins > 200 km in diameter on Mercury (horizontal 
bars) to that of the moon (vertical bars). 
Fraction at top of each interval (100 km) represents number of craters calculated for all of Mercury dividt'td by number of craters 
calculated for the entire moon. Data for Mercury extrapolated from craters observed on 45 % of the planet. 
simply reflect the crater production rates on these 
bodies early in their history. Such a variation in crater 
production rates, however, may account for the fact 
that the total number of large craters and basins on 
these bodies (and Mars) is very nearly the same. As 
the planets involved have cross-sectional areas that 
differ by a factor of 2, this would imply that each 
planet depopulated separate regions of similar num-
bers of objects, as suggested by Malin (I 976). It is not 
clear, however, how such separate populations of 
objects could be maintained during accretion in view 
of the strong dynamic interaction between the grow-
ing planets (Weidenschilling, 1974; Kaula and Bigel-
eisen, 1975) . The other alternatives suggested by 
Malin require either resurfacing that varied propor-
tionally with the area of the planet or freezing of the 
lunar and Mercurian crusts at different times during 
the period of heavy bombardment. He proposed that 
perhaps the moon cooled first and thus accumulated 
more craters , whereas Mercury cooled later and thus 
recorded impacts from different periods in the flux 
history. We believe that the alternative allowing for 
different cooling rates has much merit. The credibili-
ty of this alternative can be additionally strengthened 
by photogeologic evidence, which suggests that rapid 
isostatic adjustment in a thermally active crust 
extended late into Mercury's accretional period. Ma 
Chih-yuan (Fig. 4) is one of many large craters on 
Mercury that shows clear signs of what is interpreted 
as advanced isostatic compensation. The basin is 
extremely degraded ; it has a shallow floor and low 
rim but is characterized by a well-preserved second-
ary-crater field . We have recognized 40 Mercurian 
craters and basins larger than I 00 km in diameter 
with well defined fields of secondary impact craters 
and 14 with poorly-defined secondary-crater fields. 
196 
Fig. 4 . Well-preserved secondary-{;rater field surrounding an old degraded crater, Ma Chih-yuan, in the Discovery quadrangle (H-11) 
of Mercury. 
Crater rim indicated by arrows; 190 km in diameter. Mariner-10 Mercury I frame (0166665). 
The even distribution of these large impact craters 
over the heavily cratered parts of the planet rules out 
a major planetwide episode of crater obliteration and 
resurfacing as the cause of the degradation of the 
large craters and basins. The secondary-crater fields 
would have been destroyed in the process. The only 
reasonable alternative explanation for the degrada-
tion of the large craters and basins is efficient iso-
static adjustment that affected the large structures 
but not the smaller secondary craters. 
Many of the larger lunar craters are very degraded, 
but very few have even poorly-preserved secondary-
crater fields. The exceptional preservation of the Mer-
curian secondary craters may be related to: (1) higher 
impact velocities on Mercury that produced larger 
deeper craters than those on the moon (D.H . Scott , 
1977) , or (2) a reduced impact-related erosion rate in 
the post -basin period on Mercury relative to that on 
the moon , or both. 
6. Isostatic adjustment of large craters 
Much has been published about viscous flow and 
isostatic compensation of lunar craters (e.g., Baldwin, 
1949 , 1963,1968,1969,1970, 1971 ; Danes, 1962 , 
1965; Pike, 1967; Scott, 1967; Howard, 1970; 
Hulme, 1972). Baldwin (1949) was the first to note 
the change in shape of lunar craters as a function of 
size. He observed that, for large craters, depth was 
inversely proportional to diameter and older craters 
were shallower than newer craters of the same diam-
eter. He suggested that these relations between depth 
and diameter may have resulted from an isostatic 
process and could not have been caused by infilling. 
Danes (1962, 1965) and Pike (I 967) showed from 
theoretical and observational data that even the 
freshest class of larger lunar craters has also been 
affected by isostatic adjustment. 
Rates of isostatic adjustment on the lunar surface 
were evaluated using terrestrial kinematic viscosity 
data derived from the work of Haskell (193 5) and 
Crittenden (1966). Haskell determined the viscosity 
of the asthenosphere of the earth from the measured 
rise of the Fennoscandia area after melting of the 
Pleistocene ice to be on the order of 1021 P. Critten-
den (I 966) found viscosity an order of magnitude 
higher (1 022 P) in his study of the rebound of Lake 
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Bonneville (Utah) after removal of the water load. 
Haskell (I 935) developed a formula relating the time 
necessary for full isostatic adjustment of a mass 
anomaly as: 
te ~ (20 f!)/(pgw) (1) 
where te =time in seconds;g =gravitational accelera-
tion = 980 em/sec - 2 ; w = one-half of the effective 
width of the anomaly in centimeters ; 'r/ =viscosity; 
and p = density, in CGS units. Several workers have 
applied Haskell's fonnula to lunar craters of various 
sizes. Baldwin (1963) utilized the earth viscosity 
value (1021 P) in the Haskell equation (1) for a lunar 
crater 200 km in diameter. He found that such a 
crater should be totally compensated by isostasy in 
about 106 year. R.F. Scott (1967) found that a 10-
km crater in rock of viscosity 1022 P would practi-
cally disappear in about 4 · 106 year. The time 
required would vary inversely with the crater diam-
eter. Baldwin (1963, 1970) noted that, inasmuch as 
the larger lunar craters are believed to date from the 
terminal phase of the moon's period of accretion, the 
outer layers of the moon must have been harder and 
more rigid than those of the earth throughout most 
of its history. Otherwise, most of the ancient lunar 
craters would have vanished long ago. 
7 . Crustal viscosity 
The nearly moon-like distribution of craters on 
Mercury can be taken as evidence that Mercury , like 
the moon , has had a considerably more rigid crust 
than the earth during the past 4+ · 109 year. Similar-
ly, the cratered crusts of Mars (Phillips and Saunders, 
1974) and Venus (Schaber and Boyce, 1977a, b) have 
been shown to have the same magnitude of average 
viscosity as the moon during the same time period. 
Baldwin (1971) , using the mare ages of the Apollo-
11 and -12 sites to calibrate the absolute ages of vari-
ous lunar crater-rim classes, suggested that the viscosi-
ty of the moon's outer layers increased rapidly after 
accretion ( 4.5 · 109 year) . He suggested that the aver-
age viscosity of the outer layers of the moon was con-
siderably less before development of the maria than 
afterward; the value for the period of earliest craters 
was close to 1024 P . This value, he suggested, slowly 
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Fig. S. Shaded relief map of Beethoven quadrangle (H-7) of Mercury showing location (dashed circle) of an unnamed basin, 839 km in diameter, used for calcula-




man (1970) derived an "effective" viscosity for the 
present outer layers of the moon ranging from 
1025 Pat a depth of 100 km to 1027 Pat about 68 
km ; the viscosity was still greater near the surface. 
Kunze (1974) used the settling trends of318lunar 
mare craters to determine the creep response of the 
upper lunar mare crust. He found the near surface 
viscosity to be approximately 1D25 ·77 p and the 
"effective" viscosity of the upper 10 krn of the mare 
crust to be about 1025 ·20 P. 
Although we do not have reliable depth - diameter 
data or absolute impact flux data for the largest old-
est basins on Mercury, we can make reasonable esti-
mates about them to ascertain the degree of isostatic 
compensation. We have located two extremely large 
Mercurian craters 800 and 839 km in diameter , that 
appear to have assumed nearly full isostatic compen-
sation (see Figs. 1 and 3, and Table 1). The larger 
one, centered at 1.8°N and 130°W, contains old-
looking plains material and has an extremely subdued 
cratered rim; both features indicate its antiquity 
(Fig. 5). We cannot know with certainty the degree 
or history of isostatic compensation of this crater. 
The crater could have reached its present compensa-
tion 3 b .y. ago and is recognizable now only because 
of its associated small-scale features; or perhaps this 
crater would not reach full isostatic compensation for 
another one billion years. The authors recognize that 
isostatic adjustment proceeds most rapidly at the 
beginning and slows with time until the remaining 
large-scale topographic relief is very subdued. If, how-
ever, we make the assumption that the crater is fully 
compensated and has reached that state averaged over 
the past 4+ b.y. we can apply the Haskell equation (1) 
to approximate the average viscosity of the Mercurian 
crust and mantle down to about 150+ km (excavation 
depth). We will assume an age for this feature of 
between 4.5 and 4.0 · 109 year and a density of the 
subsurface of 2.9 gem - 3 . Applying the Haskell equa-
tion (1) and assuming a crater age of 4.5 · 109 year, 
we have: 
1.4 · 1017 s. = 20 rJ/(2.9 g cm-3) 
(370 em s-2) (4.2 · 107 em) (2) 
1.4 · 10 17 s. = 20 rJ/4 .5 · 10 10 g cm- 1 s-2 (3) 
rJ = 3.15 · 1026 g cm- 1 s- 1 (P) (4) 
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'r/ = 1026.50 p 
This equation is insensitive to whether the initial time 
is 4.5 or 4.0 · 109 year because substituting 4.0 · 109 
yea r for the crater yields rJ = 1026 .44 P. These values 
are the same as the average lunar viscosity over the 
past 4+ · 109 year as derived by Baldwin (1971) 
(1026 ·5 P). Baldwin (1971) suggested that the present 
viscosity of the lunar crust is about 1027 P, while 
Weertman (1970) calculated the viscosity of the 
upper 50 km of the lunar crust to exceed 1027 P by 
perhaps as much as an order of magnitude. 
The similarity in the average viscosities of the 
lunar and Mercuri an crusts during the past 4 + · 109 
year does not, however , tell us about differences in 
crustal conditions very early in this time period. The 
only available evidence regarding these early condi-
tions is: (1) the paucity of very large craters and 
basins larger than 500 km in diameter on Mercury 
relative to the moon, both in total numbers per body 
and per unit area; and (2) the presence of widespread 
smooth intercrater plains, most of which definitely 
formed before the accumulation of craters represent-
ing the final period of heavy bombardment. Both 
characteristics of Mercury may have developed 
because, early in its history, its surface remained 
molten slightly longer than the surface of the moon. 
Approximately half of the larger (>500 km in diam-
eter) craters may have been consumed by total iso-
static compensation that proceeded at a very rapid 
rate in a highly fluid medium. The similarities in the 
average viscosities of the moon and Mercury over the 
past 4 + · 109 year could be interpreted to mean that 
these bodies had similar thermal histories. If so, 
reliance on isostatic compensation to explain differ-
ences in populations of large craters on the terrestrial 
planets will be weakened. The cratering differences 
must then be explained by variations in the families 
of impacting bodies and the complex schemes by 
which these families were depopulated by the terres-
trial planets. 
We feel, however, that there is undeniable evidence 
that the larger craters and basins were indeed modi-
fied by isostatic processes that were very efficient , at 
least in the very early time periods. The importance 
of these processes in totally degrading the largest 
(>N X 100 km) craters on the planet seems well 
established. How effective they may have been in 
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removing smaller craters (<SO km in diameter) may 
be better understood after more detailed analysis. 
8. Conclusions 
We have shown that the Mercurian surface has 
only about 70% as many large craters (200 km in 
diameter and larger) per unit area as the moon. This 
deficiency is especially large for craters between 400 
and 700 km in diameter; Mercury has only 21 % as 
many of these large craters as the moon. The total 
number of craters actually observed on each plane-
tary body reveals that Mercury, compared to the 
moon, has only slightly (1.2 times) more basins and 
craters >200 km, despite the fact that Mercury has 
twice the cross-sectional area of the moon. These 
data are in general agreement with the fmdings of 
Malin (1976). 
Differences in crater production rates associated 
with families of impacting bodies may be the major 
factor in explaining the similarities and variations in 
the lunar and Mercurian crater count curves (Guest 
and Gault, 1976;Malin, 1976;Strom and Whitaker , 
1976; Trask, 1976). Isostatic adjustment may have 
been an important contributing factor in the early 
elimination of large numbers of Mercuri an craters and 
basins with diameters greater than several hundred 
kilometers. 
The average viscosity of the Mercurian crust may 
have been approximately the same as that of the 
moon (1026·5 P) over the past 4+ · 109 year. Ther-
mal conditions during the later parts of the early 
intense bombardment probably were more severe for 
Mercury than for the moon. Such increased tempera-
tures could be related , for example, to segregation of 
a large Fe core leading to an increase in mean tem-
perature of 700°C (Solomon, 1976; Toksoz and Hsui, 
1976). 
If the crater-production rates were actually the 
same on the moon and Mercury during the heavy-
bombardment period, the differences in the numbers 
of large craters and basins might be a result of timing; 
i.e., the time during this heavy-bombardment period 
at which the crust of the planet became rigid enough 
to record the subsequent impact events as scars that 
would last until the present. 
The form of the crater count curves (for craters 
--- - MOON 
--MERCURY 
MARS 
10 100 1000 
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Fig. 6. Log-log cumulative size frequency distribution of 
craters >2-3 km in diameter on Mars, Mercury and the 
moon (after Trask , 1976). 
larger than 2 km in diameter) for Mercury, Mars and 
the moon have been shown to be fundamentally the 
same (Strom and Whitaker, 1976;Trask, 1976) 
(Fig. 6). All three show a steep rise at the largest 
crater diameters (>90 km), a break in slope between 
90 and 50 km, and a relatively low slope below crater 
diameters of 50 km. The fact that the moon and Mer-
cury have the same number of craters per unit area 
between 50 and 90 km in diameter limits the resur-
facing hypotheses and suggests that the population 
of crater-forming objects that bombarded the terres-
trial planets may have had similar size-frequency dis-
tributions, or that they are from the same family of 
objects, or both. The reduction in the number of the 
largest craters and basins on Mercury, relative to the 
moon, may have been caused by very early efficient 
isostatic adjustment. The reduction of small (<SO km 
diameter) craters on Mercury relative to the moon has 
been addressed by Guest and Gault (1976). 
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ENDOGENIC MODIFICATION OF IMPACT CRATERS ON MERCURY* 1 
PETER H. SCHULTZ 
The Lunar Science Institute, Houston, Texas 77058 (U.S.A.) *2 
(Accepted for publication May 11, 1977) 
Schultz, P.H ., 1977. Endogenic modification of impact craters on Mercury. Phys. Earth Planet. Inter., 15 : 202-219. 
Surface resolution of Mercury from Mariner-1 0 images is insufficient for identifying volcanic forms analogous to 
most of those on the moon. Consequently, other criteria must be used in order to assess the possibility of Mercurian 
volcanism. One criterion is the presence of internally modified impact craters similar to floor-fractured and mare-filled 
craters on the moon. Such craters typically occur near or within the lunar maria and exhibit features (fractures, shallow 
floors, dark-haloed craters, mare units) that either are resolvable at Mariner-10 resolutions or are detectable by indirect 
means, e.g., albedo and color contrasts. Mariner-10 images reveal several plausible examples, which, as on the moon, most 
commonly occur near plains-filled basins. The color-ratio images by Hapke, Danielson, Klaasen and Wilson indicate that 
some of the Mercurian craters exhibit red plains materials on their floors. Such distinctive units may correspond either 
to lavas analogous to mare basalts within certain lunar craters or to compositionally distinct subsurface material retained 
in the impact crater. Indicators used to recognize crater modification also can be used to recognize basin modification. 
Specifically, several basins exhibit photometric contrasts between basin-filling plains and basin exterior ; moreover, 
several impact craters superposed on the interior plains exhibit dark haloes suggesting excavation of compositionally 
distinct material. Despite the generally poor surface resolution , possible endogenic features are recognized, including 
irregular rimless depressions. Mercurian volcanism may have occurred and in certain regions may resemble that of the 
Mare Australe region on the moon. 
1. Introduction may be diagnostic indicators not of volcanic pro-
cesses but of tectonic processes. This latter comment 
is supported by similar, but lower relief, lobate-
fronted scarps and wrinkle ridges that cross-light 
plains materials on the moon (Schultz , 1972; 1976a). 
Perhaps a more convincing argument for volcanism 
on Mercury involves extensive plains materials within 
old degraded basins. Such materials are spatially 
separated from a possible impact source and are 
highly selective in their occurrence (Trask and Strom, 
1976). 
Several researchers have explored the evidence for 
volcanism on Mercury (Strom et al. , 1975; Trask and 
Strom, 1976) and concluded that some of the Mer-
curian plains were emplaced in a manner analogous to 
the lunar maria . Clues for this interpretation include 
lobate-fronted scarps and wrinkle ridges. Wilhelms 
(1976) questioned the evidence for an internal origin 
of the Mercurian plains largely on the basis of the 
non-volcanic origin of sampled lunar light plains 
materials. Moreover , he pointed out that wrinkle ridges 
* 1 The Lunar Science Institute Contribution No. 293 . 
*2 The Lunar Science Institute is operated by the Universi-
ties Space Research Association under Contract No . NSR 
09-051-001 with the National Aeronautics and Space Ad-
ministration. 
The present paper considers different clues for 
endogenic processes and by inference re-evaluates the 
controversy of the origin of the Mercurian smooth 
plains. Specifically, the discussion elaborates on pos-
sible evidence for volcanically modified craters and 
basins on Mercury as expressed by floor fracturing, 
floor uplifting and floor filling. 
1.1. Resolution effects 
The problem in proving the existence of Mercurian 
volcanism largely resides in the absence of high-reso-
lution coverage over large areas of the planet. With 
equivalent resolutions and coverage of the moon, one 
of the few clues to the volcanic origin of the maria is 
their relatively low albedo. Although lunar volcanic 
features (e.g., low-relief domes, sinuous rilles, lobate 
flow fronts) exist, they commonly are small and are 
localized. Such features would be undetectable with 
resolutions comparable to those provided by Mariner 
I 0 or easily missed in high-resolution images, which 
generally are patchy in coverage. Even the documented 
absence of such features would not prove an origin by 
non-volcanic processes because feature-less lava plains 
characterize certain eruptive styles on both the moon 
and earth (Greeley , 1975). 
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Fig. 1. Crater loss at limiting resolutions of Mariner-! 0 images 
of the moon. 
Mare region corresponds to Mare Frigoris northwest of the 
crater Aristoteles; hilly regions correspond to highlands 
north of Mare Frigoris and around the Alpine Valley. Crater 
loss for each 0.5-km size interval is expressed as the number 
of craters recognized on Mariner-! 0 images relative to the 
number recognized in Lunar Orbiter images. Crater diameters 
are given in picture elements (pixels) and corresponding sur-
face scale (km). Scale approximately matches that for most 
Mariner-1 0 images of Mercury ; however, generally non-over-
lapping images over smaller surface areas also exist where 1 
pixel corresponds to 0.5 km or better. 
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limited resolution. Mariner 10 imaged the moon, and 
this record permits calibration of the discernment of 
surface features, such as craters, in terms of resolu-
tion elements. Craters were identified and measured 
from Mariner-! 0 images of mare and highland terrains 
near the lunar crater Aristoteles. Lunar Orbiter 
photographs permitted similar measurements of the 
same craters, as well as all other craters, in the identi-
cal regions to a diameter well below the Mariner-1 0 
image resolution. Within each size interval, the num-
ber of craters unidentified in the Mariner-! 0 images 
provides a measure of effective resolution in terms 
of picture elements (pixels). Fig. I reveals that on 
smooth surfaces 50% of the craters 2.4 pixels in diam-
eter were not detected . More then 90% of the same 
size craters, however, were missed in hilly terrains. 
The percentage of unidentified craters 3.6 pixels in 
diameter decreases to 20 and 40% for mare and hilly 
regions, respectively . 
Although a few Mariner-10 images should permit 
marginal (50%) identification of crisp surface features 
down to 0.2 km on certain plains regions, most non-
overlapping, near-terminator (within 40°), images 
permit identification of features larger than 0.8- 1.0 
km . The remaining coverage , which represents the 
greatest surface area, more closely corresponds to the 
Mariner-! 0 images of the moon used for Fig. I. These 
dimensions are larger than the width of most sinuous 
rilles, although linear features are more easily detected 
than craters (Schultz and Ingerson, 1973; Schultz , 
1976b). Most other lunar volcanic forms would go 
undetected . One possible exception is the volcanic 
modification of impact craters. On the moon, such 
modification is expressed most notably by floor frac-
tures commonly having widths larger than 1.0 km and 
by partial filling by mare basalts , which are readily 
detected by albedo and color contrasts. 
2. Characteristics of selected lunar floor-fractured 
craters 
Floor-fractured craters on the moon have been 
described in detail by Schultz (1972 , 1976a,c). Seven 
different classes are identified and largely express not 
only the stage to which modification has proceeded 
but also the different appearances of impact craters 
prior to modification. More than 200 examples occur 
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on the moon, most of which occur along the margins 
of irregular maria or near mare lakes. Where data are 
available, the elevation of the non-mare crater floor 
approximately matches the exterior mare elevation, 
thus suggesting isostatic adjustment with the emplace-
ment level of the maria. However, not all impact 
craters of similar size, age, or location in such regions 
are affected by the modification process. Conse-
quently, it is felt that internal magma plumbing, 
rather than regional isostatic adjustment, controlled 
crater modification. 
The most heavily modified lunar craters typically 
extend into the adjacent maria and apparently con-
tributed to at least some of the mare units outside the 
crater rim. One characteristic feature of this class is 
the development of a moat between the floor and 
wall as in the crater Posidonius (Fig. 2A). The moat is 
believed to develop both by uplift of the crater floor 
and by collapse of the wall region. Mare units com-
monly ftll a portion of the moat and reflect a general 
concentration of vents along the floor edge. The inner 
rim of the moat typically is raised and represents 
Fig. 2. A. The 90-km-diameter lunar crater Posidonius (Lunar 
Orbiter IV-086-Hl). Uplift has produced a shallow fractured 
floor and rimmed moat (arrow) containing mare units. 
B. The Lunar craters Runge (35 km diameter) and Warner 
(30 km diameter), top and bottom respectively. Floor modi-
fication and mare inundation have left concentric ridges in 
Runge, corresponding to the margin of the old crater floor, 
and an inner hummocky floor region in Warner, representing 
the old uplifted floor remnant. 
perched lower-wall debris as well as the uplifted edge 
of an inward tilted floor block. Within several mare-
inundated craters, this outer fractured portion of the 
floor remains exposed as light-colored concentric 
ridges . Other exposed remnants of the original uplifted 
floor may include the inner floor block (Fig. 2B). In 
several examples, the summit of the central peak 
complex on this inner block has been elevated above 
or near the level of the crater rim. 
Not all floor-fractured and mare-inundated craters 
reach such a stage of modification. Fig. 3A illustrates 
the crater Schluter in which fracturing has occurred, 
but floor uplift prior to the final stage of mare flood-
ing has been comparatively minor. The crater 
Schluter also illustrates a class of floor-fractured 
craters in which degradation by erosion prior to inter-
nal modification has been relatively minor as indi-
cated by the preservation of details in the ejecta 
deposits. Such craters commonly exist at distances 
from the maria that are greater than those for most 
other classes. As in more extensively modified craters, 
source vents generally occur around the floor margin 
as illustrated by the lunar craters Hercules and Atlas 
(Fig. 38). This location of vents characterizes not 
only lunar craters but also lunar basins where sinuous 
rilles and dark mantle material commonly occur. 
This brief summary of the morphology of selected 
floor-fractured craters on the moon provides a guide 
to the search for similar craters on Mercury. As dis-
cussed in Secion 1.1 , identification of individual frac-
tures may not be possible owing to marginal resolu-
tion. However, many of the larger features should be 
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Fig. 3. A. The 98-km-diameter lunar crater Schluter (Lunar 
Orbiter IV-181-H3). Floor modification has produced floor 
fractures and extrusions of mare basalts but little floor up-
lift. 
B. The 85- and 70-km lunar craters Atlas and Hercules under 
full solar illumination (photograph BI from Kuiper et al., 
1967). Photometric contrast of volcanic deposits is clearly 
shown. Mare units cover the floor of Hercules; low-albedo 
deposits (presumably pyroclastic) in Atlas occur along mar-
ginal floor fractures. 
identifiable. In particular, the following features are 
sought: 
(1) Shallow crater floor with a raised central 
region (Fig. 2). 
(2) Absence of wall slumps within craters that 
should exhibit slumps based on size and preservation 
state (Fig. 2). 
(3) Moat between the floor and wall scarp that 
possibly contains dark plains units (Fig. 2). 
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(4) Indications of erupted materials along floor 
margin (Fig. 3). 
(5) Contrasts in albedo (color) of floor materials 
(Figs. 2 and 3). 
3. Indications of endogenically modified Mercurian 
craters 
3.1. Crater-floor units and features 
Numerous craters on Mercury exhibit distinctive 
contrasts among the floor , wall and rim regions 
(Schultz, 1976d). The 120-km-diameter crater Zeami 
(148°, - 2°), as an example, contains both smooth 
dark plains materials and bright ill-defined patches 
(Fig. 4A). Superposition relationships between these 
light patches and dark plains cannot be determined 
with confidence owing to inadequate resolution ; how-
ever, the narrow irregular extensions of dark material 
between the bright patches suggest encroachment by 
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Fig. 4 . The 120-km-diameter crater Zeami on Mercury. 
A. Floor of crater contains both dark smooth plains units 
(arrow A) and highly reflective patches (arrow B). The shal-
lowness of the floor and the possible rimmed moat (arrow 
C) are similar to volcanically modified lunar craters. 
B. Sketch map of Zeami after rectification , showing loca-
tion of dark plains materials (black). Dotted line indicates 
approximate outer boundary of dark halo . Bar corresponds 
to approximately 100 km. 
the dark plains. In addition to albedo contrasts within 
Zeami, a dark halo surrounds the crater and corre-
sponds approximately to the continuous ejecta 
deposit. A bright ray system does not exist although 
secondary craters are clearly expressed. 
These features are sketched in Fig. 4B. Fig. 4B also 
illustrates the asymmetric placement of the dark floor 
material and the broad patterned wall- floor region 
east of the central peaks. Stereo images indicate that 
Zeami is a relatively shallow crater for its size and 
preservation state. Moreover, the concentrtic pat-
tern east of the central peaks resembles the concen-
tric ridge- trough systems occurring in lunar floor-
fractured craters; one ridge, in particular, appears to 
correspond to the raised edge of a moat. 
Asymmetric placement of smooth floor materials 
is not diagnostic of internal processes. B.R. Hawke 
(pers. commun., 1976) and others have noted similar 
asymmetries in lunar impact craters whert extensive 
wall slumps occur opposite the floor plains units. This 
asymmetry appears to be related to crater formation 
on a sloped surface, a condition that produces more 
extensive slope failure of the higher crater wall. 
Nevertheless, similar asymmetries occur for mare 
units within certain lunar craters and reflect not only 
topographic control of lava flows but also asymmet-
rically placed source vents (Schultz, 1976c). 
Fig. SA shows a ringed plain on the southern edge 
of Borealis Planitia that contains a central island sur-
rounded by smooth plains units . The overall morphol-
ogy closely resembles the lunar crater shown in Fig. 
2B where the old crater floor has been uplifted and 
surrounded by mare material. Few similar examples 
have been recognized on Mercury -a deficiency that 
may result from inadequate resolution. However , 
other indirect evidence for floor modification is illus-
trated in Fig. SB. Although this crater does not exhibit 
floor fractures or floor uplift, it does contain smooth 
plains materials and a rimless irregular pit (7 km X 12 
km). The pit probably is not a degraded impact crater 
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Fig. 5. A. Shallow plains-filled crater (70 km diameter) on 
southern margin of Borealis Planitia on Mercury (segment of 
IPL mosaic of Borealis quadrangle). Hummocky central floor 
region resembles that of certain lunar floor-fractured craters 
(e.g., Warner , Fig. 2B). 
B. Subdued plains-filled crater (64 km in diameter) on south-
ern margin of Tir Planitia (south of the Caloris Basin). Rim-
less irregular pit at center of the floor is believed to be a col-
lapse structure associated with floor modification (FDS 121). 
owing to its crispness in form but absence of a rim; 
more likely, the pit represents either a collapse feature 
or a rimmed crater engulfed to the rim by plains ma-
terials. Similar rimless pits occur in other smooth-
floored craters (e .g., see Strom et al. , 1975, Fig. 14) 
and also occur on the plains-filled basin Tolstoy (see 
below). Such pits have possible lunar analogs, which are 
only slightly smaller (3-7 km), in the maria but not 
within the highland plains. Consequently, this feature 
is a further indication of internal processes, whether 
produced by collapse or produced by surrounding lavas. 
Other possible examples of floor uplift exist but 
extensive fracture systems cannot be seen at the avail-
able resolutions. Consequently, other criteria must be 
used to identify possible examples of modified 
craters. Fig. 6A shows a crater under very high solar 
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illumination at long. 92°, lat. -2°. Dark material 
occurs near the base of the wall, a location that 
resembles the placement of dark materials in the 
lunar crater Atlas as well as in numerous other lunar 
floor-fractured craters. Care must be taken when 
examining Mariner-10 images having such high illumi-
nation and strong exaggerated·contrast because minor 
differences in reflectivity are enhanced. In many cases, 
what appears to be dark material along a crater wall 
actually represents a slightly lower local illumination 
angle. The dark feature in Fig. 6A, however, cannot 
be explained in this way owing to the direction of the 
illumination. 
Fig. 6B includes two further examples of craters 
with dark floor material that are found near long. 
73°, lat. - 10°, adjacent to a basin filled with dark 
plains material. The annulus of darker material may 
be analogous to the mare-filled moat regions within 
lunar craters (Fig. 2B). However, the high illumina-
tion and image enhancement again require extreme 
caution. For example, under full illumination, lunar 
craters that are clearly unmodified exhibit a brilliant 
wall ring and perhaps a bright central peak complex. 
Fig. 6. A. High-illumination view of 70-km-diameter crater at 
long. 92°, lat. - 2° (FDS 166781). Dark material at floor mar-
gin is characteristic of volcanic deposits within floor-frac-
tured lunar craters. 
B. High-illumination view of crater pair (FDS 166763) near 
long. 73°, lat. -10°. Darker material around floor edge 
resembles distribution of mare units in the lunar crater 
Warner (Fig. 2B). 
Fig. 6B illustrates this problem and is not offered as a 
clear example of floor modification. 
Less equivocal examples of crater modification are 
illustrated in Fig. 7. The crater Bello (120°, -18°) is 
within the old basin Beethoven and contains a 
smooth floor unit. It also contains at the base of the 
wall two dark-haloed patches (confirmed in stereo 
images) which have plausible volcanic analogs within 
the lunar craters Alphonsus, Humboldt and Petavius. 
If, instead, the dark patches within Bello represent 
dark-haloed impact craters, then they indicate floor 
modification whereby the impacts have excavated 
darker subsurface material, analogous to numerous 
lunar craters including Picard in Mare Crisium. 
Modified impact basins may represent enormous 
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Fig. 7. Plains-filled 130-km diameter crater Bello (120°, - 18°) on the floor of Beethoven Basin (segment of IPL mosaic of Beet-
hoven quadrangle). 
Arrows indicate dark patches at floor margin that may have an origin similar to those in the lunar crater Atlas (Fig. 3B). Crater at 
lower left exhibits dark floor materials and an annular arrangement of bright patches; also note dark halo. 
analogs to floor-fractured craters. Strom et al. (I 975) 
and Trask and Strom (I 976) have illustrated and dis-
cussed several examples. More recently, Trask 
(1976) has recognized several large basins that have 
retained details of their ejecta deposits yet have lost 
detail in their rim profile and floor. Trask suggests 
that the contrast in morphology is not consistent 
with long-term degradational processes but is con-
sistent if the basin was subsequently modified by 
either isostatic adjustment or lava filling. 
Fig. 8 presents other plausible examples of basin 
modification. Fig. SA illustrates a degraded basin that 
displays a sharp contact between the interior dark 
plains materials and the surrounding terrain. On the 
moon, such transitions between major terrain units 
occur only at mare-highland contacts. Other Mercu-
rian basins, such as Wang Meng (Fig. 8B) exhibit dark 
patches along a portion of their ring -system. Mantling 
by dark material occurs on the margins of several 
lunar basins and was sampled at the Apollo-17 
landing site. It is generally believed that this material 
was derived from pyroclastic or fire-fountain erup-
tions of mare basalts, or both (Head, 1974; Lucchitta 
and Schmitt, 1974). Similar dark material exists on 
the margins of the plains-filled Mercurian basin Tolstoj 
(Fig. 9) and Budh Planitia. Both regions exhibit 
colors distinctly bluer than both the surrounding 
terrain and the interior red-colored plains, as indi-
cated by Hapke et a!. (1975). The low reflectance and 
blue color is consistent with high-Ti material analo-
gous to dark mantle deposits and lavas around lunar 
basins. 
Thus Mercurian basins may have been filled by 
lavas in a manner similar to that recorded on the 
moon. Further similarity to lunar eruptive styles may 
be indicated by the elongate rimless pit (Fig. 9) 
whose major axis is along a sinuous ridge near the 
eastern edge of Tolstoj. Similar but smaller pits on 
the moon commonly mark the origin of a sinuous 
rille and also are associated with wrinkle ridges. 
Fig. 8. A. High-illumination view near 107°, +15° revealing 
sharp contact between dark basin fill and exterior (FDS 
166785). 
B. Multi-ring basin Wang Meng at 104°, +9° with dark mantle 
material on inner ring and dark material between inner and 




Fig. 9. The 400-km-diameter basin Tolstoj on Mercury. 
Dark materials encircle portions of the basin (arrow A) and lighter materials comprise the basin floor . Color-ratio data from 
Hapke et a!. (197 5) indicate that the darker materials are blue in this region, and the lighter plains materials are red . Arrow B 
locates an elongate rimless depression that may be analogous to similar but smaller depressions in the lunar maria, some of which 
form head pits of sinuous rilles. Segment of IPL mosaic of Tolstoj quadrangle. 
3.2. Color data 
Mariner I 0 provided images at effective wave-
lengths of 5750A (OR filter) and 3550A (UV filter) 
as described by Hapke et al. (1975). The albedo con-
trasts previously discussed also occur in color-ratioed 
images. Fig. lOA shows two craters north of Zeami 
that exhibit similar contrasting floor materials and 
dark haloes. Fig. I OB reveals that the dark plains and 
ejecta materials correspond directly to the red-col-
ored materials, whereas the bright patches, central 
peaks and wall regions correspond to blue-colored 
regions. Not all dark plains exhibit the same degree of 
redness but most are redder than the surrounding 
cratered terrain. Blue materials qualitatively appear 
to approach the values for the blue-rayed craters 
recognized by Hapke et al. (I 975). The very good 
correlation between units recognized on high-reso-
lution images and units recognized on the color-ratio 
images suggests that despite artifacts in such images, 
significant color information exists. 
Hapke et al. (I 975) argue that the combination of 
bluish color and high albedo of fresh crater ray mate-
rial suggests low Ti, Fe3+ , and metallic Fe abundances 
in the Mercurian crust. Conversely, as the FeO abun-
dance increases, the combination of a reddish color 
and low albedo results. Adams and McCord (I 976) 
and Vilas and McCord (I 976), however , point out 
that soil maturity is important in deciphering true 
compositional differences and that both Mercury and 
the moon have undergone similar surface processes 
producing similar reflectance spectra. Thus, in order 
to compare compositional differences, the surfaces 
must be in similar states of maturity (Pieters and 
McCord, I976). Without full spectral information and 
without a full understanding of the effects of aggluti-
nates in soils of different compositions, the interpre-
tation of mineral composition can be misleading. 
Such a conclusion is underscored by the presence of 
bright-rayed craters on Mercury that lack the charac-
Fig. 10. A. Mercurian craters Balzac (145°, +12°) and 
Tyagaraja (148°, +4°), top and bottom, respectively. The 
100-km diameter Tyagaraja exhibits photometric contrasts 
on floor and rim that are similar to Zeami (Fig. 4). 
~-Color-ratio images of same region (courtesy of B. Hapke) 
showing correlation between dark units in (A) and red color 
as well as bright patches in (A) and blue color. In this and 
subsequent color-ratio images, dark corresponds to blue, and 




teristic blue signature (e.g ., Schoenberg at 136°, - 16°). 
Despite the possible pitfalls, several relevant state-
ments can be made concerning the color-ratio data 
for Mercury. The absence of bright rays associated 
with the craters shown in Fig. 10 suggests that soil 
maturation has occurred. This conclusion implicitly 
requires that bright rays originally existed for these 
craters, a requirement that seems reasonable since 
bright blue rays from another crater overlap the same 
region. Thus, either the remaining color differences 
correspond to compositional differences or they indi-
cate contrasting stages of soil maturation due to rela-
tively recent processes. 
If color differences of floor materials correspond 
to compositional differences, then the question 
remains whether these materials are relicts of the im-
pact event or represent a separate stage of modifica-
tion. As relicts of the impact event , the redder floor 
units are impact-produced melt-breccia mixtures 
largely derived from layers compositionally different 
from the surrounding region . On the moon, such 
compositional differences occur within impact craters 
that have penetrated different materials, such as 
basalts of different compositions or basalts beneath 
ejecta deposits. This effect is illustrated in the color 
difference photographs by Whitaker (1972) shown in 
Fig. 11. Distinct compositional differences at wave-
lengths and scales comparable to the Mariner-! 0 
images, however, are not exhibited within craters in 
lunar highland terrains . If the color differences within 
Mercurian craters relate only to excavated impact 
debris , then it is reasonable to suspect that stratifica-
tion exists. Moreover, this stratification must occur 
at relatively shallow depths since relatively small 
craters (10- 20 km in diameter) have excavated these 
materials. 
As products of a separate stage of floor modifica-
tion, the redder floor units correspond to the em-
placement of lunar mare basalts within the craters 
Plato and Archimedes (Fig. 11) as well as floor -frac-
tured craters. At the wavelengths used by Whitaker 
(1972), floor-ftlling lunar mare units generally are 
bluer than , or comparable to ,the highland terrains . 
Blue mare regions on the moon are generally believed 
to correlate with the Ti content of the soil and, 
therefore , the composition of underlying basalts from 
which the soil was derived (Charette et al., 1974). 
Red lunar mare regions also exist , e.g., portions of 
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Fig . 11. Color difference (61 ooA minus 3700A) photograph 
of eastern Mare Imbrium on the moon (courtesy of E.A. 
Whitaker) . Arrows indicate the red-haloed and mare-filled 
craters Plato (above) and Archimedes (below) . 
Mare Imbrium and Mare Frigoris, and represent low-
Ti basalts, which were not sampled by the Apollo 
missions (Pieters and McCord, 1976). Consequently 
the red Mercurian plains units may represent anal-
ogous low-Ti soils with larger proportions of FeO. 
Specifically, Hapke et a!. (1975) suggest that as the 
the FeO abundance increases, a UV absorption band 
dominates a 1-prn absorption band, thereby decreas-
ing the albedo and reddening the overall spectrum. 
Adams and McCord (1976) have determined from 
earth-based measurements of Mercury that the FeO 
1-prn absorption band characteristic of mature lunar 
soils is absent in Mercurian reflectance spectra. Even 
lunar soils having as little as 5-6% FeO show the 
1-pm band; therefore an upper limit of 6% FeO is im-
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Fig. 12. Distribution of prominent red-haloed craters on one side of Mercury as recognized from color-ratio images published by 
Hapke et a!. (197 5). 
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Fig. 13. Shallow, dark-floored and dark-haloed crater (50 km in diameter) within large plains-filled basin near 77°, -20° on Mer-
cury (FDS 166639). 
plied for Mercury. Thus, they conclude that most of 
the surface resembles the anorthositic lunar high-
lands. 
The spectrally distinct units recognized in the 
images and the globally averaged spectra by Adams 
and McCord (1976) are not necessarily contradictory. 
There may be other factors that mask the 1-pm 
absorption feature in FeO soils (J.B. Adams, pers. 
commun., 1977). More importantly, the spectral 
characteristics of crater floor , and even basin floor, 
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material could be lost by globally averaging different 
units and features such as bright blue-rayed craters 
and heavily cratered terrains . Thus, the evidence for, 
and significance of, red basin-fill materials, dark-blue 
marginal deposits and crater floor-rim contrasts are 
not weakened. 
The extremely brilliant blue patches within the 
craters may represent intensely shock-altered crustal 
materials that remain exposed on the floor, wall and 
central peaks. Under high solar illumination, the 
mare-inundated lunar crater Tsiolkovsky exhibits 
similar highly reflective floor remnants (Schultz , 1972; 
1976a). Alternatively the patches may indicate chem-
ical alteration of crustal rock by fumarolic activity 
along impact-induced fractures (Dzurisin and 
Danielson, 1977). 
The dark red halo surrounding craters similar to 
Zeami and illustrated in Fig. 10 provides an addi-
Fig. 14. A. Portion of color-ratio image (courtesy of B. 
Hapke) showing typical blue ray crater (upper right) and two 
red patches (arrows). 
B. Unusual subdued craters with large central mounds that 
correspond to red patches in (A). Portion of IPL mosaic of 
Beethoven quadrangle. 
tiona! clue for the origin of the red floor plains. On the 
moon, similar red haloes occur around mare-filled 
craters such as Plato and Archimedes (see Fig. 11) 
and have been interpreted as possible KREEP materi-
als excavated by these impacts (Malin, 1974). Fig. 12 
shows the location of red-haloed craters on the side 
of Mercury recorded during the outbound first 
encounter. In most cases, the red halo corresponds to 
a dark halo in the unfiltered images, and dark-haloed 
craters have been identified over the entire imaged 
hemisphere . Most examples occur within or adjacent 
to large basins filled with smooth plains units as illus-
trated in Fig. 13. Several, however, occur within the 
intercrater plains near the margins of smooth plains 
units, e .g., the craters in Figs. 4 and 10 . This close 
but not exclusive association with smooth plains units 
closely resembles the distribution of relatively fresh 
lunar impact craters that contain either mare units or 
fractures (e.g. , Atlas and Hercules). 
A last example of crater-associated color contrasts 
is shown in Fig. 12. The OR/UV images from Hapke 
et al. (1975) reveal a red deposit southeast of the 
crater Zeami (Fig. 14A). Higher-resolution imagery 
(Fig. 14B) reveals an unusual crater that lacks both a 
bright ray system and pronounced raised rim ; never-
theless , this crater exhibits a very large central peak. 
The only other crater with this morphology recognized 
thus far occurs 200 km to the south and also centers 
within a red patch in the color-ratio images. The red 
patches are believed not to be artifacts because they 
are not repeated in other images , as are other arti-
facts , and because both patches correlate with well-
defined and similar features . In overlapping unfiltered 
images, a slightly lighter deposit is recognized around 
the more northern example and corresponds to the col-
ored patch. The extended nature of the material around 
the northern feature on Mercury suggests that either 
this feature is on an ill-defined unit or perhaps materi-
als were ejected during formation. 
Several plausible interpretations can be offered. 
(I) Unusual impact conditions may have produced the 
anomalously large central mounds and exhumed com-
positionally distinct materials . The lunar craters 
Alpetragius , Capella and Icarus also exhibit unusually 
large central peaks although comparable color con-
trasts have not been noted. 
(2) These craters originally resembled other impact 
craters except that they had excavated redder subsur-
face materials, which remain evident in their ejecta 
deposit and central peaks. Subsequent floor uplift 
raised the central peaks and contributed to their non-
impact crater morphology. On the moon, the floor-
fractured crater Airy and two examples near 174 o , 
+ 16°, exhibit both large central mounds and floor 
fracturing. 
(3) The interior peaks possibly represent volcanic 
constructs analogous to the Gruithuisen domes on the 
moon . These lunar domes also are red and have been 
interpreted as remnants of pre-Imbrium volcanism 
perhaps associated with the emplacement of KREEP-
like material (Malin, 1974). 
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4. Summary and concluding remarks 
Several craters on Mercury display features charac-
teristic of internally modified lunar craters. These fea-
tures include : 
(1) Shallow crater floors with possible floor frac-
tures and moat development. 
(2) Insular central floors surrounded by smooth 
plains materials . 
(3) Dark-haloed craters and dark deposits along 
the floor margins . 
(4) Photometric and spectral contrasts of floor 
units. 
(5) Floor features of likely internal origin (pits) . 
The spatial distribution of such craters must 
remain incompletely known owing to inadequate 
resolution and incomplete coverage of Mercury. Pos-
sible examples, however, generally occur within or 
near plains-filled basins. 
In addition , large impact basins exhibit color and 
photometric contrasts that are similar to those of 
lunar impact basins. These contrasts include marginal 
deposits of dark materials, which in two examples are 
blue , followed by emplacement of lighter, and in two 
cases redder, plains units . Dark blue regions also 
occur peripheral to lunar mare-filled basins and in the 
Apollo-17 region represent Ti-rich basalts. Moreover , 
lighter and redder units are recognized as older basalts 
filling several lunar basins. An elongate pit within the 
Mercurian basin Tolstoj may represent a vent for the 
red plains units analogous to lunar elongate pits at the 
beginning of lava channels and tubes. These observa-
tions, in addition to those by Trask (1976) , strongly 
suggest that the largest impact craters on Mercury, 
the basins, also were inundated as the result of inter-
nal processes. 
Numerous Mercurian impact craters exhibit not 
only contrasting floor units but also dark red haloes 
corresponding to the continuous ejecta deposit. At 
the very least, the red ejecta deposits suggest hetero-
geneity of the Mercurian crust. Moreover, their loca-
tions near or within plains-filled basins suggests that 
this heterogeneity was associated with basin inunda-
tion. The shallowness of the crater floor (Figs. 4 and 
13) and the extended nature of the floor plains (Fig. 
4) suggest further that some of these craters were 
partly inundated by extrusive units in a manner anal-
ogous to the lunar craters Plato and Archimedes. The 
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Fig. 15. Mare Australe and the crater Neper (arrow) on the moon. AS15-96-13089. 
region of Mare Australe on the moon (Fig. 15) may 
be analogous to certain Mercurian intercrater plains 
regions where impacts occurred prior to completion 
of mare emplacement. On the moon such craters are 
represented by Humboldt and Jenner. 
The general absence of floor-filled and floor-frac-
tured craters in and around the Caloris Basin may 
reflect, in part, the rapidity with which the basin-fil-
ling plains were emplaced. However , the Imbrium 
Basin on the moon also displays relatively few modi-
fied craters (e.g., Plato, Archimedes and Cassini) 
within its borders. This is believed to indicate both 
the recency of the Imbrium impact relative to other 
major basins and the eruptive style, which largely 
was that of voluminous fissure eruptions along basin-
related fracture systems. A similar inundation history 
of the Caloris Basin would reduce the likelihood of 
recognizing modified craters, particularly with less 
than half of the basin visible . 
In conclusion, certain impact craters and basins on 
Mercury are believed to have been modified by inter-
nal processes including the emplacement of volcanic 
plains. Similar inundation may have occurred in the 
intercrater regions analogous to the maria within 
Mare Australe. However , the distinction between vol-
canic and non-volcanic plains is more difficult for 
Mercury than for the moon owing to the restriction 
to one set of lighting conditions and limited resolu-
tion from Mariner-10 images . Consequently evidence 
from all currently available images is circumstantial. 
Although the style of Mercurian volcanism generally 
resembles that of the moon, possible variety may be 
indicated by unusual craters containing large central 
mounds and a distinctive color. 
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Applications of experimental explosion-crater data to Orientale and recent geologic mapping of the basin have pro-
duced a new stratigraphy and genetic model for Orientale that are also applicable to Caloris. 
The inner-basin scarp of Orientale is thought to be a bench separating the upper parts of the basin from its deep bowl-
shaped interior. The elongated and complexly fractured domes of the basin floor formed by inward compression in the ter-
minal stages of the cratering sequence. The Inner Montes Rook are considered a central peak ring. The Montes Rook and 
the nonlineated knobby and associated smoother materials that overlie the Cordillera scarp around much of its circumfer-
ence are the uppermost parts of the overturned rim flap which formed early in the cratering event. The knobs and smaller 
massifs are probably coherent blocks quarried from deep within the moon. They were among the last materials to leave the 
basin and had little radial momentum unlike the lineated Hevelius which formed earlier by disaggregation of the rim flap, 
secondary cratering, and the ground surge. The Cordillera scarp, best seen on the east side of the basin but poorly devel-
oped and discontinuous on the west, is a primary feature formed early in the crater excavation process by basinward 
motions of the walls and the fractured zone beyond the rim of the expanding cavity. The Cordillera scarp is overlain by 
ejecta over most of its extent, and post-basin internal slumping, previously thought to be important, must be a subordinate 
process in development of the scarp. 
The basin fi11 in Caloris has no counterpart in Orientale but the materials between the most prominent scarp and the 
weakly developed outer scarp appear to be the degraded and possibly mantled equivalents of the massifs and knobs asso-
ciated with the Montes Rook. The radially linea ted terrain that generally lies beyond the outer scarp of Cal oris is consid-
ered the subdued counterpart of the Hevelius Formation, which generally shows the same relation to the Cordillera scarp at 
Orientale. Thus, the prominent innermost scarp of the Caloris basin is the equivalent of the Montes Rook. Beyond this 
scarp is the overturned flap covered by large blocks and massifs derived from a deep horizon in Mercury where the bedrock 
is more coherent than the upper impact-brecciated layers. The radially lineated deposits, as in Orientale, are earlier-arriving 
basin ejecta and secondary-crater materials mixed with the pre-basin surface all of which were modified by the ground 
surge. This comparison between Orientale and Caloris suggests that one or more buried ring structures should be present 
inside Caloris and that Mercury is also layered internally as is the moon. The differences in spacing and development of the 
ring structures or circumferential scarps of Orientale and Cal oris are probably gravitational effects. 
1. Introduction various Orientale related units. This new stratigraphy 
was prompted by the confusion that now exists in the 
literature with regard to the names of the various 
units associated with Orientale. Similar textural units 
have been given different names by different authors, 
for example, the materials that lie mostly between 
A new 1 : 5,000,000 scale geologic map of the 
west limb region of the moon by Scott et a!. (1977) 
shows the geology of almost all of the Orientale 
basin. The map includes the long neglected west side 
of the basin which is covered only by poor quality 
Lunar Orbiter-V and Zond-8 pictures. This effort and 
a more extensive topical study by McCauley eta!. (in 
prep.) have produced a new Orientale stratigraphy 
and a better understanding of the relations between 
the Montes Rook and the Montes Cordillera are called 
the domical facies by Head (1974) and the knobby 
basin material by Moore et a!. (1974). Recent work 
by Hodges and Wilhelms (in press) and Wilhelms eta!. 
(in press) concerns the formation of multi-ring basins 
in general. These efforts and new applications of 
explosion-crater data (Roddy, 1976) to multi-ring 
basins have led to this attempt to summarize some of 
our new knowledge on Orientale and to extend it to 
Caloris. 
2. The new Orientale stratigraphy 
Two new Orientale-related formations have been 
defined and one of these along with the previously 
defined Hevelius Formation (McCauley, 1967) have 
been divided into texturally distinct facies. The 
Hevelius and these two new formations are now desig-
nated collectively as the Orientale Group. The Orien-
tale Group includes all those materials produced by 
the impact that formed the Orientale basin and that 
are essentially contemporaneous with this event. As 
with all impact-produced stratigraphic units , the three 
separate formations included within the Orientale 
Group are laterally gradational with one another. 
These formations are inferred to have been emplaced 
sequentially over a short time span and to be litho-
logically distinct from one another. Table I gives the 
unit names for the Orientale Group as defined by 
McCauley et al. (in prep.) and adopted in the course 
of geologic mapping by Scott et a!. (1977) Fig. 1 is a 
basin-centered sketch map of Orientale showing the 
distribution of the Orientale Group , the pre-basin 
terrae and the post-basin mare and crater materials. 
Fig. 2 shows the approximate location of the four 
major scarps or rings that surround Orientale. 
The Inner Facies of the Hevelius Formation is 
characterized by radial to swirly elongate ridges and 
troughs (Fig. 3). This unit makes up a 300-600 km 
wide annulus of continuous ejecta that lies mostly 
TABLE I 
Orientale Group (symbols on Fig. 1 given beside each new name) 
Maunder Formation (new name) 
Montes Rook Formation (new name) (2) Knobby Facies 
(1) Massif Facies 
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beyond the Montes Cordillera scarp. Numerous elon-
gate but subdued multiple depressions are also pres-
ent and interpreted as secondary craters buried by 
later arriving ground-hugging ejecta (Morrison and 
Oberbeck, 1975) . The Inner Facies of the Hevelius is 
the most distinctive and readily-recognized Orientale-
related unit. The inner contact of this unit is more 
irregular than previously recognized . Locally the unit 
lies within the Cordillera scarp but on the north, 
south and west of the basin it occurs well beyond the 
Cordillera. The outer contact is gradational and is 
considered analogous to the contact between the 
thick and continuous ground cover near the rims of 
experimental explosion craters and the thin to discon-
tinuous ejecta seen farther away. 
The Outer Facies of the Hevelius Fonnation is less 
distinctive than the Inner Facies but it is recognizable 
as far as 1 ,000 km from the center of the basin 
(Fig. 4). The original type area of the Hevelius For-
mation within the crater Hevelius is now the refer-
ence area for the Outer Facies. The Outer Facies con-
sists of weakly linea ted terrain , generally radial to the 
center of Orientale. This terrain is surrounded by flat-
lying to rolling plains that occur in irregular depres-
sions and crater floors. The lineations within the 
Outer Facies are smaller and straighter than those of 
the Inner Facies and in places appear more structural 
than depositional. Rolling to hummocky materials , 
that are laterally continuous with radially lineated 
terrain and that also mantle the cratered pre-Orien-
tale surface, are also included in this unit. Its inner 
boundary is marked by the appearance of small to 
large patches of smooth plains (not shown in Fig. 1), 
and the presence of numerous partly-mantled large 
pre-basin craters such as Hevelius itself. The origin 
of the plains deposits is beyond the scope of this 
double vertical bars 
check marks 
widely spaced dots 
Hevelius Formation (4) Secondary-crater Facies 
(3) Transverse Facies 
black 
wavy horizontal lines 
horizontal dashes 
widely spaced crosses 
(2) Outer Facies 
(1) Inner Facies 
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Fig. 2. Location of major scarp or ring structures at Orientale. 
Lunar Orbiter Frame IV-187M. 
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Fig. 3. Example of part of the Inner Facies of the Hevelius Formation, to the southeast of the crater Krasnov (A). 
Note subdued linear depressions interpreted as secondary craters overrun by later ground-surge deposits (B, C). Lunar Orbiter 
Frame IV-172H. The scale of this and subsequent Lunar Orbiter pictures is approximately 12 km across each framelet (horizontal 
bands). 
Fig. 4. Example of part of the Outer Facies of the Hevelius Formation around the Grimaldi Basin (A). 
The original type area for the Hevelius Formation is in upper right (B). Inner Facies present at lower left (C). (D) is an example 
of the Transverse Facies of the Hevelius Formation. Lunar Orbiter Frame IV-l68H3. 
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Fig. 5. Chains and clusters of the Secondary-Crater Facies (A) . 
Crater Wargentin in middle top (B). Note extensive patches of plains that appear to be laterally continuous with radially linea ted 
terrain as well as isolated patches of plains in crater floors. Lunar Orbiter Frame IV-l66H3. 
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Fig. 6. Knobby Facies of the Montes Rook Formation (A) on north side of basin. 
Cordillera scarp present at (B) . Note Knobby Facies overlying Inner Facies of Hevelius at (C). Lunar Orbiter Frame IV-187H3. 
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Fig. 7. Massif Facies of the Montes Rook Formation (A) just south of the central part of basin. Arcuate re-entrant at (B) may be 
trace of pre-basin crater. Note the steep inward-facing slopes of the Montes Rook scarp (C). The massifs of the discontinuous 
Inner Rook ring seen at (D) and (E). Note stubby radial ridges in Maunder Formation at (F) and crude radial and concentric frac-
ture pattern at (G). The outline of the Inner basin ring can be seen at (H). Lunar Orbiter Frame IV-195H. 
Fig. 8. Maunder Formation in northeast part of central basin. Unrelated post-Orientale crater Maunder located at (A). 
Gentle radial ridges at (B) and concentric ridges at (C). The outline of the Inner Basin ring is coincident with the main ridge at 
(C). Note axial fractures on some of ridges. A tensional fracture pattern is present that is crudely radial to concentric with the 
basin. Lunar Orbiter Frame IV-187H2. 
229 
230 
Facies consists of small (typically 30 X 60 km) 
patches of closely-spaced intertwined ridges and 
troughs alined at about right angles to the radial 
direction from Orientale. This unit is best developed 
on the far sides of crater floors at distances of about 
300-400 km from the Cordilleras and it appears to 
be restricted to the east part of the basin. Although 
almost surely not lithologically distinctive, the Trans-
verse Facies represents a variation in the flow-regime 
of the Hevelius Formation . It probably marks places 
where outward flowage occurred at slower rates 
because of the presence of topographic obstacles such 
as large craters. The Secondary-Crater Facies consists 
of relatively fresh-appearing chains and clusters of 
bowl-shaped craters and elongate gouges that have 
wavy to braided ejecta deposits on their downrange 
sides. The outlines of secondary craters occur within 
the Inner Facies but these have been obscured and 
smoothed by later arriving ejecta and are not mapped 
separately. Fresh-appearing non-buried secondaries 
first begin appearing at about the contact between 
the Inner and Outer Facies and they extend well 
beyond the recognizable limits of the Outer Facies. 
Only the largest occurrences are shown on Fig. 1. 
The Montes Rook Formation includes two facies: 
the Knobby Facies and the Massif Facies. The Knob-
by Facies consists of multitudenous equidimensional 
knobs, generally about 2-5 km across, lying within a 
matrix of smooth to hummocky plains (Fig. 6). 
Locally it is radially lineated but the lineations are 
less well developed than those within the Hevelius 
Formation. This unit has been described as being 
confined to the region between the Montes Rook and 
Montes Cordillera but recent geological mapping 
shows that large lobes of the unit lie exterior to the 
Cordilleras. Its texture and general distribution resem-
bles that of the Alpes Formation of the Imbrium 
Basin, as mapped by Wilhelms and McCauley (1971). 
The Knobby Facies is more gradational with the 
Inner Facies of the Hevelius Formation than previous-
ly realized. In many places it clearly overlies the Inner 
Facies of the Hevelius. Only where the Montes Cor-
dillera scarp is in shadow does there appear to be a 
sharp break in texture between the Montes Rook and 
the Hevelius formations. 
The Massif Facies of the Montes Rook Formation 
consist of the materials of the Montes Rook them-
selves together with those of the Inner Rook ring or 
scarp (Fig. 7). The unit consists of rectilinear to 
almost equidimensional massifs, blocks and large 
rounded knobs ranging from a few kilometers to as 
much as 100 km in size. These occur individually or 
as arrays of positive-relief features that form an 
almost continuous ring around the central part of the 
Orientale Basin. The large massif like parts of the 
Cordilleras have steep bright talus slopes on their 
inward sides. The distinction between the Knobby 
Facies and the Massif Facies is one of size and the 
two units are highly gradational. 
The central basin fill of Orientale has been named 
the Maunder Formation; it consists of intensely-
fractured smooth to rolling plains (Fig. 8). The frac-
tures are generally oriented either radially or concen-
trically to the basin but their distribution is uneven. 
Numerous broad low elongate ridges also with radial 
and concentric orientations are present. These ridges 
frequently exhibit axial fractures (Fig. 8). The Maun-
der forms a broad ring around the center of Orientale 
and is sharply truncated by the mare materials of 
Lacus Veris and of the lowest parts of the floor of 
Orientale. 
3. The ring structures 
The most important structural features of the 
Orientale basin are the four concentric scarps or rings 
which are about 320, 480, 620 and 920 km in diam-
eter (Fig. 2). They have been the subject of numerous 
analyses, one of the most recent of which is by Head 
(1974). Most early workers tended to emphasize the 
continuity and spacing of these rings. Recent work 
reveals that the rings differ markedly from one 
another and that they are more segmented and 
incomplete than generally described. 
The Inner Basin ring is discontinuous, and unlike 
the other Orientale concentric structures it is not 
marked by high relief nor the presence of rugged 
massifs. This innermost ring consists of a gentle-
rounded step-like scarp that separates the lowest parts 
of the central basin from higher more rugged terrain 
outside. On the south and southwest side of the 
basin, the scarp consists of a series of small steep-
faced fault segments in contact with the mare that 
partly fills the lowest parts of the basin. On the 
northeast of the basin, elongated fractured ridges 
Fig. 9. Lineated and rim-like Massif and Knobby facies of the Montes Rook Formation on the north side of the basin (A). 
Montes Rook scarp at (B). Cordillera scarp at (C) cutting across lobe of Montes Rook that lies on top of the scarp (D) . Montes 




typical of the Maunder Formation express the trend 
of the ring. 
The next scarp which is called the Inner Montes 
Rook is well developed only on the northwest and 
southwest of the basin where it consists of closely-
spaced rounded massifs with moderately-steep bright 
interior slopes. On the east only isolated rounded hills 
and massifs projecting through the Maunder Forma-
Fig. 10. Zond-8 picture of the Orientale basin under high-sun conditions. 
Note apparent lack of continuity of the Cordillera scarp on the west side of the basin (A) and the generally more rugged and con-
tinuous Rook ring (B). 
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Fig. 11. A draped segment of the Cordillera scarp at (A). 
Note patches of Transverse Facies at (B) and discontinuous segments of the Rook ring at (C). The shadowed parts of the Cor-
diUera scarp at (D) appear to mark sharper breaks in texture than observed on other parts of the scarp where Inner Facies, Trans-
verse Facies and the Knobby Facies of the Montes Rook Formation are gradational with one another. 
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tion are present to mark its outline. This scarp is the 
most segmented and incomplete of the Orientale ring 
structures. 
The Montes Rook scarp, which is sharply bordered 
on the inside by the Maunder Formation and the 
mare of Lacus Veris, is the most continuous and 
ruggedest of the rings (Fig. 7). Like the others it is 
not well developed on the east side of the basin where 
it is broken into large, linear r tassifs, several of which 
are separated from one another by radial troughs. 
Elsewhere it forms an imposing continuous ring with 
steep, bright, interior slopes over about 50% of its 
visible extent. Apollo-17 Radar Altimeter data, along 
with photogrammetric and shadow-length measure-
ments by Head (1974) and Moore et al. (1974) sug-
gest an average height of 3-4 km above the adjacent 
terrain. On the north and south of the basin, the 
Montes Rook massifs are clearly tilted outward and 
overlain partly by the Knobby Facies of the Montes 
Rook Formation (Fig. 9). 
The Montes Cordillera scarp is less rugged and less 
continuous than previously recognized. Its height 
above the terrain that lies inside of this structure is 
comparable or greater than that of the Rooks. It lacks 
large massifs along its extent and steep bright interior 
slopes are limited to less than 20% of its circumfer-
ence based on Zond-8 data (Fig. 10). The presence of 
this scarp cannot be established on the poorly photo-
graphed west and southwest sides of the basin. Here 
the Montes Rook and the Montes Cordillera appear to 
merge into a complex array of large massifs within 
which neither of the two scarps is well defined. Ex-
cept where in shadow on Lunar Orbiter-IV pictures 
and for small segments on the north and south sides 
of the basin the scarp is draped by ejecta either from 
the Knobby Facies of the Montes Rook or the Inner 
Facies of the Hevelius (Fig. 11 ). 
4. Explosion crater data 
Certain nonnuclear-explosion crater experiments 
of the U.S. Department of Defense (DOD) appear to 
be good simulations of impact events (Roddy, 1976). 
Some of these experiments took place in relatively-
weak water-saturated sediments at test sites in both 
Canada and the U.S.A. Broad flat-floored craters 
akin to lunar multi-ring structures have been pro-
duced in some of the SOO-t surface bursts. Only two 
SOO-t events, Prairie Flat and Dial Pack will be 
reviewed here along with preliminary results from a 
somewhat unusual100-t event. Most of the craters in 
the DOD program have been excavated and the sur-
face and subsurface mapped in great detail by Roddy 
(1968, 1969, 1973, 1976). 
Prairie Flat was produced by detonation of a SOO-t 
TNT spherical-charge tangent to the surface at the 
Suffield Experiment Station in Alberta, Canada, in 
August 1968. The target material was layered and 
consisted of a sequence of relatively unconsolidated 
alluvial, lacustrine and glacial deposits. The upper-
most beds consisted of lacustrine clays, silts and sands 
that range from a few millimeters to several meters 
thick. The resulting crater was 64 m in diameter and 
5 m deep. It exhibits a broad flat structural uplift in 
the center of the crater floor along with three concen-
tric ridges on the floor outside the central uplift. An 
inward-dipping complexly faulted rim and a single 
large overturned flap are present. 
The central uplift consisted of a circular ridge with 
a radius of about 8.5 m that enclosed a slightly lower 
central region. This ridge was interrupted by numer-
ous radial topographic highs and lows (Fig. 12). Sur-
rounding this uplift which is about 5 m above the 
crater floor are three concentric crenulated ridges 
each about 1 m above the lowest part of the floor. 
These ridges consist of discontinuous anticlinal struc-
tures in a brown and gray clay that underlies the cra-
ter floor. Locally these anticlines are fractured and 
fall back is present in the cracks. These features 
formed relatively late in the cratering sequency by 
compression and shortening of the crater floor. 
The rim consists of inward-dipping complexly-
faulted beds overlain by a large relatively coherent 
overturned flap (Fig. 13). The flap begins at the 
outermost floor anticline and extends upward about 
half the width of the crater wall. Inverted stratigra-
phy is present but the beds have been stretched hori-
zontally and thinned by as much as 80% (Fig. 13). 
The rim at Prairie Flat is gently downfolded through 
a distance of about 40 m from ground zero. At about 
30 m from ground zero the original surface has been 
displaced downward by as much as 2 m and the 
underlying rock units thinned by about 20-50%. 
Thus substantial inward or centripetal ground motion 
took place during the terminal stages of the cratering 
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Fig. 12. The Prairie Flat crater shortly after detonation showing both internal (A) and external ring structures (B) and a con-
tinuous hummocky ejecta blanket (C) that extends out a crater diameter or more and (D) an unsymmetrical thin to discon-
tinuous blanket. 
event. Such motions have not been observed in the 
centimeter-scale hyper-velocity impact experiments 
in noncohesive quartz sand (Gault et al., 1968). The 
ground surface beneath the flap is locally faulted, 
folded and fractured. Most of the faults are concen-
tric to the crater wall and overthrusting away from 
the crater is common near the wall. Graben and horst 
structure trending in the circumferential direction is 
also common. This subsurface-rim deformation is 
expressed in a complex series of gentle annular 
ridges that extend outside the crater wall to about 
~crater radius. The ejecta and fallout blanket overly-
ing the overturned flap surrounds the crater out to 
about 150m. It consists of an inner hummocky unit 
that grades outward into smooth continuous ground 
cover beyond which thin to discontinuous ejecta 
plumes partly cover the original ground surface. 
The Dial Pack crater, detonated at Suffield, Alber-
ta , Canada in July 1970, also was produced by a 
500-t spherical charge of TNT positioned tangent to 
the ground (Fig. 14). The surface was underlain by 
layered but poorly-consolidated water-saturated 
alluvium. A broad flat-floored crater about 61 m 
across was formed. It had a central uplift, radial and 
concentric ridges on the floor, an overturned rim flap 
and a blocky inner ejecta blanket. 
A low dome about 15 .2 m across was produced in 
the central part of the crater in which sand, silt and 
clay beds from beneath the crater were uplifted about 
4.6 m. Both concentric and radial anticlinal ridges 
extend outward from the central uplift within the 
crater floor. These anticlines consist of a relatively-
tough blue clay unit that was originally at a depth of 
7.5 m below the ground surface (Fig. 15). Thus post-
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Fig. 13. The Prairie Flat crater shortly after the floor began to flood. 
Three internal rings are seen on the floor (A). The crater rim and apex of the overturned flap is at (B) . A vague external ring struc-
ture is seen at (C). 
shot geologic mapping of the crater indicates as in 
Prairie Flat that inward and upward ground motions 
took place during the final stages of the crate ring 
event. 
The rim consists of radially and concentrically 
folded and faulted inward-dipping strata overlain by 
a relatively coherent overturned flap. The overturned 
flap extends out from the crater rim about 90-100 m 
or 1.5 diameters. Individual stratigraphic units in the 
flap are preserved in inverted order but thinned as in 
Prairie Flat and in the other experimental craters 
studied by Roddy {1968, 1969, 1973, 1976). Of par-
ticular importance at Dial Pack is the presence of sev-
eral coherent clay beds at depths of 4.6 and 7.6 m 
beneath the original ground surface. These clay beds, 
because of their greater strength, broke into a series 
of large blocks that covered the crater walls and the 
inner part of the crater rim. Farther out on the blan-
ket, a hummocky surface consisting mostly of finer 
alluvium is present. Curvilinear wispy to braided ray 
deposits mark the outer part of the thin to discon-
tinuous blanket. 
Pre Mine Throw IV was a cratering experiment 
conducted in August, 1974, at the Nevada Test Site 
(Fig. 16). This event was studied in detail by Roddy 
(in prep.) and also briefly by the author. A 1 00-t 
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Fig. 14. The Dial Pack crater shortly after it began filling with water. 
The rim of the crater of excavation is at (A). A coarse blocky ejecta unit covers the overturned flap to a distance of about 1 crater 
radius (B). 
spherical charge, tangent to the surface, was detonat-
ed over dry but weakly-cohesive playa sediments. The 
crater produced was about 30 m in diameteter and 
about 7.5 m deep. A well-developed internal bench 
was formed within the crater of excavation, but 
because the energy involved was lower and the target 
materials were dry, no annular structures were ob-
served as in the previously described events (Fig. 16). 
The bench is the result of a slight strength discon-
tinuity in the target materials about 5 m below the 
original ground surface. The stronger matertals at 
depth thus produced a smaller cavity than in the 
weaker near-surface materials. Of note is a well-
developed overturned flap with hummocky surface 
texture around the crater rim, which is sharply raised 
above the surrounding terrain. The surface of the 
interior bench on the other hand is not topographi-
cally uplifted and is covered by a thin layer of fall-
back rather than hummocky rim deposits. The beds 
around the upper interior of the inner bowl and 
below the bench are, however, tilted upward at angles 
of about 30° and locally as much as 45°. There is no 
recognizable inverted stratigraphy within the bench 
as on the crater rim where the original beds tum 
through the vertical and lie back on themselves at 
short distances from the rim. 
Detailed post-shot geologic mapping of Prairie 
Flat and Dial Pack indicates that annular structures 
can form both inside and outside the final crater of 
excavation. In these two experimental events, the 
annular structures on the crater floor are far more 
dramatic than those outside the rim. These structures 
or rings were produced by complex outward and 
inward ground motions during the cratering event 
itself. They result chiefly from variations in the com-
petence of the individual beds within the target mate-
rial as shown in numerous sub-crater cross-sections 
by Roddy (1976). Another effect of layering in the 
target is seen in the unusually blocky inner rim of 
Dial Pack. These blocks derived from two coherent 
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Fig. 15. The Dial Pack crater. 
Radial floor anticlines at (A). Central uplift at (B). The outer concentric floor anticline is at (C). The crater lip and the apex of 
the overturned flap is near (D). Note the coarse blocky ejecta derived from coherent clay beds at 4.6 and 7.6 m below the original 
surface. 
clay beds at depth overlie the overturned rim flap and 
were among some of the last materials to leave the 
crater of excavation. 
Another type of annular structure is seen in the 
Pre-Mine Throw-IV crater. Unlike the anticlinal struc-
tures formed on the floors and beneath the rims of 
the 500-t craters, a well-developed interior bench was 
formed. This bench separates a small steep inner 
depression from a more shallow outer one. The bench 
is coincident with the top surface of a harder layer in 
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Fig. 16. Pre Mine Throw-IV crater. 
Steep rim and overturned flap seen at (A). Interior bench at (B). Steep bowl-shaped depression in central part of crater at (C). 
the target materials. Both types of structures, i.e., 
those produced by outward and inward ground mo-
tions during the cratering event and those produced 
by differential excavation above and below strength 
discontinuities, may be present in lunar multi-ring 
basins. 
5. Orientale interpretations 
The Maunder Formation, which lies within the con-
fines of the Montes Rook, is generally interpreted as 
impact melt mixed with fallback (Head, 1974; Moore 
et al., 1974). The concentric and radial ridges within 
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the Maunder recognized during detailed mapping of 
Orientale have not been adequately explained. The 
traditional hypothesis for relief on the Maunder is 
that subjacent massifs like those of the Rooks are 
draped by fallback or impact melt. The remarkable 
similarity in form between these features and the 
compressional anticlines seen on the floors of both 
Prairie Flat and Dial Pack perhaps suggests a different 
origin. The ridges within the Maunder Formation may 
be late-stage compressional features like those ob-
served in the DOD experiments. If so, the overlying 
melt and fallback must be too thin to obscure their 
characteristic compressional shapes. Also implied is 
that the pre-basin bedrock, in which such anticlinal 
structures form, lies at shallow depth below the 
Maunder Formation. 
The subdued Inner Basin ring of Orientale closely 
resembles the interior bench of the Pre-Mine Throw-
IV crater. Thus it also may mark a break in slope 
within Orientale, and a shallow shelf covered with 
Maunder Formation may lie between the Inner Basin 
ring and the main Montes Rock ring. Within the Inner 
Basin ring a deep bowl-shaped depression formed in 
more lithified layers at depth may be present. This 
inferred interior bowl would now be obscured by 
mare fill. 
The highly-discontinuous and -segmented Inner 
Montes Rook ring, consisting mostly of smooth 
appearing massifs, has no counterpart in the experi-
mental craters described here. For its interpretation 
we have to make comparisons with the central-peak 
type of ring structure described within certain terres-
trial craters such as Gosses Bluff, Australia (Milton et 
al., 1972). Rings of this type are common in the 
smaller two-ring basins such as Schrodinger on the 
mool'l: but their origin is still being debated. One the-
ory is that they are the upper parts of large post-
cratering centripetal slumps (Dence, 1968). An alter-
native is that ejecta are actually hurled upward these 
features during the cratering event from coherent 
layers within the target material. 
The Knobby Facies of the Montes Rook Forma-
tion appears to have a close analog in the inner part 
of the ejecta blanket of the Dial Pack Crater. The 
Knobby Facies resembles the blocky ejecta derived 
late in the sequence from the coherent clay 11nits 
beneath Dial Pack. The Massif Facies of the Montes 
Rook is interpreted, therefore, as the upper part of 
the rim of the crater of excavation. The massifs of 
this unit mark the hinge line around which overturn-
ing on the rim occurred. The Knobby Facies on the 
other hand may represent coherent blocks mixed 
with fmer debris excavated from indurated layers 
withm the moon. This material probably fell back on 
to the already overturned rim deposits out to a dis-
tance of about 1 crater radius as in Dial Pack. Having 
been emplaced late in the cratering sequence these 
materials would have little radial momentum which 
partly accounts for their weakly to non-lineated 
appearance. The Knobby Facies is texturally grada-
tional with the Inner Facies of the Hevelius and in 
many places is draped over the Montes Cordillera 
scrap. It most closely resembles a typical crater rim 
deposit on the north and south of the basin where 
it appears more strongly lineated than elsewhere 
(Figs. 7 and 9). 
The Cordillera scarp, which is draped by ejecta 
over about 80% of its circumference, must have 
formed before termination of the cratering sequence 
(Figs. 6 and 11 ). It cannot be explained solely as a 
massive post-cratering slump which produced an inte-
rior megaterrace as suggested by many early workers 
including the author. Its position relative to the Mon-
tes Rook scarp is comparable to the outer limit of the 
zone of downward and inward structural deformation 
beneath the rims of Prairie Flat and Dial Pack. This 
structural hinge is generally coincident with the high 
point or actual rim crest of the experimental craters 
described. The Cordillera scarp, therefore, may be a 
primary feature formed by inward ground motions 
during, rather than after, the cratering event. The 
scarp may have been produced as the ground between 
the Rooks and the Cordilleras was pulled inward 
toward the expanding transient cavity during the 
excavation stage of the cratering. An indeterminate 
amount of post-basin collapse did occur, but it must 
be a subordinate process and probably limited only to 
those parts of the scarp that have bright steep interior 
slopes. 
The Inner Facies of the Hevelius, which unlike the 
Montes Rook Formation shows a strongly developed 
radial texture, is interpreted as earlier arriving ejecta 
in which secondary cratering was an important pro-
cess (Oberbeck, 1975). This secondary cratering 
occurred on the pre-basin surface and within the blan-
ket creating the numerous vague elongate depressions 
that contribute to its radial texture. These second-
aries have been overrun and highly modified by later 
ground-hugging debris that produced many of the 
lobes and ridges characteristic of the blanket. In con-
trast, the Montes Rook Formation lacks secondary 
cratering textures which is considered additional evi-
dence in support of the Montes Rook ring as the 
basin rim around which the overturned flap formed 
and fell back onto the pre-basin surface. In applying 
the concept of the overturned flap to lunar basins, I 
do not visualize a single coherent layer but rather a 
dissaggretated mass of material within which most of 
the blocks are inverted from their original position. 
Where outward radial flowage or the ground surge 
was obstructed by topographic obstacles such as cra-
ters, it banked up to form Transverse Facies. The 
Inner Facies forms a continuous ground cover out to 
between 800 and 1 ,200 km from the center of the 
basin or about I diameter from the Montes Rook 
ring. Within a sector of about 30° of arc on the east 
side of the basin there is an anomalous zone where 
the textures of the blanket are predominantly con-
centric and secondary cratering effects are less recog-
nizable. The Outer Facies represents the distal ends of 
the Orientale blanket and it forms a discontinuous 
ground cover interrupted by large patches of smooth 
plains material. The Apollo-16 results and what 
appear to be synchronous ages between parts of the 
Orientale Group and these plains (McCauley et al. , 
in prep.) suggest thay they are related to the basin 
but their mode of formation is still controversial. 
The Hevelius Formation is probably composed of 
materials derived from relatively shallow depth which 
has been through many previous cycles of cratering 
and deposition. The fact that these uppermost layers 
in the moon are relatively unconsolidated may be a 
contributing factor to the highly mobilized appear-
ance of most of the Hevelius. The Secondary Crater 
Facies of the Hevelius consists of far flung clots of 
ejecta that lie beyond the influence of the ground 
surge. The braided deposits on the outside of these 
craters consists of pre-basin materials kicked up and 
redeposited as suggested by Oberbeck (1975). 
A quite different model for Orientale and lunar 
multi-ring basins in general recently has been formu-
lated by Hodges and Wilhelms (in press) and Wilhelms 
et al. (in press). This model is still under evolution 
and refinement but its basic premise is that the seis-
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mic discontinuities in the lunar subsurface at 25 km 
(Simons et al., I 973) and at about 60 km (Toksoz, 
1974) dramatically affect the basin-forming process. 
This subsurface layering produces what are called 
nested craters encompassed by the Cordillera and 
Montes Rook scarps each of which are considered 
fully developed crater rims with inverted stratigraphy. 
These rims are separated by a shallow bench within 
the basin floor which is inferred to represent the 25-
km discontinuity. Little or no slumping occurred on 
this bench which is thought to be overlain by deep-
seated ejecta. The Inner Rook ring, on the other 
hand, is explained as the tip of a massive annular 
slump that peeled off the face of the Montes Rook 
proper and slid into a deep interior cavity. The Inner 
basin scarp is supposed to represent the 60-km dis-
continuity surrounding a deeper interior bowl, but it 
is not clear from available manuscripts whether this 
ring is inferred to be encompassed by yet another 
interior crater rim. The nested-crater model thus 
equates internal rings and rims. It also invokes exten-
sive post cratering rebound to explain the present 
relatively shallow configuration of Orientale. The ma-
jor difference between this model and that presented 
here lies in the identification of the limit of the crater 
of excavation. The nested-crater model places it near 
the Cordillera scarp, the single-crater model, present-
ed here, places it within the Montes Rook ring. 
The effects oflunar layering are taken into 
account in the single-crater model. They are, how-
ever, subordinate to the development of a single 
large shallow but complex crater form. The lunar 
basin so produced shows the effects of benching, 
probable central peak rings, interior compressional 
features, a single inverted flap on its rim, and a pro-
nounced ring structure outside the fmal crater of 
excavation. No perturbation in the cratering process 
as described by Wilhelms et al. (in press) is involved 
and the resulting multi-ring basin has most of the 
morphologic elements that can be observed in rela-
tively fresh lunar craters in the 100-200 km size 
range. The differences between the morphology of 
100-200 km craters and the lunar multi-ring basins 
are believed to depend more on the energy thresh-
olds achieved and the response of the target rocks 




The diameter of the main scarp around Cal oris is 
about 1 ,300 km. The general state of preservation of 
the basin is somewhere between that of the Nectaris 
and Imbrium basins on the moon. The visible parts of 
the basin are extensively filled both inside and out 
with plains deposits. The most pronounced scarp or 
main ring structure is surrounded by a weakly devel-
oped annular feature with a diameter of about 1,450 
km. This structure is best seen on the northeast and 
southeast sides of the basin. It marks a gradational 
transition between blocky to knobby terrain beyond 
the main scarp and radially lineated terrain farther 
out (Fig. 17). This radially lineated terrain closely 
resembles the Fra Mauro Formation to the north and 
northeast of the crater Ptolemaeus on the moon 
which is interpreted as the degraded equivalent of the 
Hevelius Formation around Orientale. The lineated 
terrain around Caloris is recognizable out to about 
1 diameter from the main scarp and it is embayed and 
partly or completely buried by smooth or hummocky 
plains. The hummocky plains as mapped by Trask 
and Guest ( 197 5) occur in several large lobes around 
the basin. They consist of numerous widely-spaced 
smooth equidimensional knobs set in a matrix of 
rolling plains. This unit resembles the Alpes Forma-
tion of the Imbrium basin as well as the Knobby 
Facies of the Montes Rook Formation. Smooth plains 
lacking intrinsic relief except for superposed craters 
lie in a broad belt that is circumferential to the basin 
and extend outward for a basin diameter or more. 
Similar appearing plains lie within the basin but these 
exhibit an extensive and rather coarse fracture pat-
tern. Numerous poorly preserved crater clusters, 
chain craters and gouge-like features, lying on 
cratered terrain, can be recognized beyond about 
1 basin diameter (Fig. 18). These are interpreted as 
Caloris secondary craters. They are most abundant on 
the southeast side of the basin and were identified 
recently in the coarse of geologic mapping of the 
Tolstoi quadrangle (H-8). 
There are a number of important stratigraphic and 
structural similarities between Orientale and Caloris 
and there is no doubt that both formed by the impact 
of very large bodies. The Maunder Formation within 
Orientale and the inner basin plains of Cal oris have 
certain elements in common but their overall appear-
ances are somewhat dissimilar. The Cal oris plains have 
a more open coarser concentric and radial fracture 
pattern than does the Maunder (Fig. 19). These frac-
tures cross-cut numerous linear mare ridge structures 
which are not present in the Maunder. The Caloris 
ridges l;lave a crude rhombic to polygonal distribu-
tion pattern unlike that of the lunar maria. The Inner 
Basin plains of Caloris also lack the stubby radial 
and concentric ridges attributed to compression that 
are so characteristic of the Maunder. 
The terrain beyond the main Caloris scarp bears a 
striking resemblance to the materials of the Montes 
Rook Formation. Large segmented massifs typically 
30 X 50 km in size and with rectilinear outlines are 
common (Fig. 20). These appear to be controlled by 
a pre-existing fracture pattern. The large massifs 
grade downward in size to smaller and smaller smooth 
surfaced knobby hills and in the outward direction on 
the north and east of the basin into hummocky plains 
(Fig. 22). The gradation between massifs and knobs is 
not as well developed as at Orientale probably 
because of the poorer state of preservation of Cal oris 
and the resolution of the Mariner-! 0 pictures. The 
very large lobes or plumes of hummocky plains have 
a distribution pattern outside the basin rim similar to 
that of the Alpes Formation around the Imbrium Ba-
sin which is the textural counterpart of the Knobby 
Facies around Orientale. The Alpes around Imbrium 
extends outward for about one radius from the 
Archimedes ring - a somewhat proportionately larger 
distance than at Orientale. Vague smooth dome-like 
features are present in low areas between the more 
prominent massifs or patches of massifs, particularly 
near lat. 20°N, long. 180°. These bear some resem-
blance to the stubby ridges of the Maunder Forma-
tion (Figs. 8 and 21). They do not, however, have the 
same radial and concentric distribution pattern nor 
are they fractured, as are the ridges in the Maunder. 
These anomalous features appear to be more like 
reflections of buried topography than late-cratering 
compressional features as the ridges in the Maunder 
Formation are now interpreted. 
The radially lineated terrain that begins close to 
or at the subdued outer Caloris scarp is considered 
the eroded equivalent of the Inner Facies of the 
Hevelius Formation. It is now extensively embayed 
by plains deposits and no longer shows the swirly 
lobes, ridges and depressions still seen within its 
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Fig. 17. The Cal oris basin on Mercury . Mosaic about 1000 km in width across center. 
The main Caloris scarp is at (A). The subdued outer scarp is at (B). (C) is the lineated terrain. (D) is the blocky to knobby terrain 
between the two scarps. The inner basin plains are at (£). 
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Fig. 18. Chains and clusters ofCaloris secondary craters (A, B) near lat. 0°, long. 160°. 
Large crater at lower right is about 50 km in diameter. Mercury 1, FDS = 0000121. 
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Fig. 19. The inner basin plains ofCaloris near lat. 25°, long. 180°. 
Frame about 400 km wide . Mercury 1, FDS = 0000199. 
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Fig. 20. The main Cal oris scarp on the southeast side of the basin (A). Frame about 500 km wide. 
Rim massifs are seen at (B) and lineated terrain at (C). Smooth dome-like features occur near (D). Mercury 1, FDS = 0000229. 
Fig. 21. Subdued dome-like features partly surrounded by Caloris massifs near lat. 20°N , long. 180° are seen at (A). 
Frame about 200 km wide . Mercury 1, FDS = 0000111. 
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Fig. 22. Photomosaic of the east side of the Cal oris basin showing the transition between the annulus of massifs surrounding 
the main scarp (A) and the lineated terrain (B). Mosaic about 600 km wide. 
U.S. Geol. Survey enhanced photomosaic. 
Orientale counterpart (Fig. 22) . Unlike the Hevelius, 
however , this unit does not grade outward into a 
recognizable thin to discontinuous ejecta blanket. 
Where the lineated terrain disappears large numbers 
of degraded secondary craters are observed. The gen-
eral state of preservation of the Cal oris basin is such 
that the thin to discontinuous outer fringes of the 
ejecta blanket would probably not be recognizable 
as with the basins older than Imbrian age on the 
moon. 
Strom et al. (1975) speculated that the main 
Caloris scarp and the weaker outer scarp might be the 
equivalents of the Inner Rook and Montes Rook 
scarps at Orientale. This suggestion was based on the 
apparent similarity of the dome-like terrain between 
the Caloris scarps to the Maunder Formation. The 
region between the scarp is on the average much more 
similar to the Montes Rook Formation than it is to 
the Maunder, and I believe that regardless ofits origin 
that more weight should be put on the appearance of 
the scarps themselves and the relation of the textural 
units at Caloris to one another than to this somewhat 
anomalous unit that is spottily distributed around 
Caloris. 
An alternative hypothesis by Strom eta!. (1975) 
is that the main Cal oris scarp is the equivalent of the 
Cordillera scarp, and that any interior rings present 
at Caloris are buried by the inner basin plains. This 
suggestion is also untenable because of the abundant 
massifs and knobby terrain between the main Caloris 
scarp and the weak outer one. Massifs and knobby 
terrain are almost totally absent around the Cordillera 
scarp. 
The only remaining alternative which was not dis-
cussed by Strom et a!. (1975) is that the Montes 
Rook scarp and the main Caloris scarp are the struc-
tural equivalents of one another. The main Cal oris 
scarp would then mark the edge of the crater of exca-
vation and the weak outer scarp would be the equiva-
lent of the Cordillera. This hypothesis is consistent 
with the observable regional relations between vari-
ous parts of the ejecta blankets at each basin. It 
implies that the main Caloris scarp is the hinge line 
around which an overturned flap was developed upon 
which chunky deep-seated ejecta lies. This flap 
extends outward in a series of lobes that are more 
comparable, however, to the distribution of the 
Imbrium Alpes Formation than to the Montes Rook 
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Formation, As at Orientale these materials should 
overlie the radially lineated ejecta derived from 
shallower depth earlier in the cratering event. Equat-
ing the main Calotis scarp with the Montes scarp on 
the basis of textural relations and the regional dis-
tribution of map units is consistent with both my 
single-crater model as well as the nested-crater model 
presented earlier. 
Faint suggestions of the presence of at least two 
interior rings exist at Caloris. These are marked by 
the trends of complex circumferential ridge systems 
as are the interior rings of many deeply flood lunar 
basins such as Imbrium and Serenitatis. These vague 
structures may then be the counterparts of the Inner 
Montes Rook and the Inner basin scarp at Orientale 
but the evidence for this supposition is weak . 
7. Conclusions 
Orientale and Caloris have more in common than 
previously realized. Application of revised strati-
graphy, structural interpretations , explosion-crater 
data and a new model of formation for Orientale to 
Caloris has a number of important implications. 
(1) The basin fill in Cal oris is different from that 
seen in Orientale . The Caloris fill is thicker and has 
obscured probable inner ring structures and the late-
stage compressional ridges of the type present in the 
Maunder Formation on the bench between the Mon-
tes Rook and the Inner Basin scarp. 
(2) The Montes Rook and the main Caloris scarp 
are similar stratigraphic and structural features. They 
respectively mark the edge of the crater of excavation 
at each basin and are composed of the overturned rim 
flap covered by late-stage blocky fallback from rela-
tively coherent deep horizons. 
(3) Lineated ejecta derived from shallower hori-
zons is present near and beyond the weakly devel-
oped outer Caloris scarp which is the counterpart of 
the Orientale scarp. The lineated ejecta and lobes of 
hummocky ejecta like the Alpes Formation at Imbri-
um are partly buried by smooth plains deposits that 
are probably related to the basin-forming event. 
( 4) A well-developed field of secondary craters 
lies beyond about 1 basin diameter at Caloris. 
(5) The textural differences between the material 
around the main Caloris scarp and the lineated mate-
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rial beyond suggest that Mercury is layered, like the 
moon, and that the Caloris crater excavated coherent 
materials from one or more of these more coherent 
layers at depth. 
(6) The difference in spacing between the Caloris 
rings, however, cannot be related to internal layering 
effects. It is more probably a gravitational effect 
which causes ejecta to travel proportionately shorter 
distances on Mercury than the moon as well as inhib-
iting ground motions and internal deformation. 
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Planet. Inter., 15: 251-263. 
Models of the thermal evolution of the moon and the terrestrial planets suggest that basin-forming impacts occurred 
when the planets had partially molten interiors overlain by thickening lithospheres, comparable in thickness to the 
basin radii. We are investigating the effects of large impacts on planetary surfaces using a Lagrangian computer program 
which treats shock wave propagation and includes the effects of material strength, elastic-plastic behavior and material 
failure. In this paper we describe the computer code and some physical details of our numerical techniques, and report 
the results of several initial calculations. We study the global seismic effects for cratering energies (102 and 1025 J) 
intermediate between the Copernicus and Imbrium events on the moon, and compare the phenomenologies for assumed 
solid and molten planetary interiors. 
The principal results are as follows: 
(1) Far-field effects are largely independent of cratering mechanisms (e.g., simulated impact vs. buried explosion). 
(2) Antipodal seismic effects are significantly enhanced by focusing and are of substantial magnitude. Vertical 
ground motion may be on the order of kilometers , and accelerations approach one lunar gravity. 
(3) The most violent activity occurs at significant depth beneath the antipode, considerably after the passage of 
the initial compressive/rarefactive shock wave, and results from complex interations with the free surface. 
( 4) Seismic effects are decidedly more pronounced for a molten planet than for a solid one. 
(5) Tensile failure may occur at depths of tens of kilometers beneath the antipode, and may also occur over the 
entire surface , although at shallower depths. 
These results support the suggestion of Schultz and Gault that the unusual terrains antipodal to large planetary basins 
may have been catastrophically modified by seismicity generated by the basin-forming impacts. We would further 
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suggest that these impacts may in fact have pervasively and repeatedly brecciated the entire lithospheres of the terrestrial 
planets as these lithospheres formed and thickened. 
I. Introduction 
Crater structure , distribution of ejecta and seismic 
effects of large impacts are closely related problems 
of great interest in lunar and planetary science. Very 
large circular basins are known to exist on each of the 
terrestrial planets and the moon. The events which 
formed these structures are important elements in the 
historical evolution of the crusts of these planets. 
Work on the lunar basins has focused on their sig-
nificance as source areas for material which blankets 
the highlands - a sort of sandwich of ejecta units 
deposited in sequence from the several large basins. 
There is much interest and considerable disagreement 
regarding the thickness of these deposits. The debate 
centers on the volume of material excavated by the 
impacts which formed them. One particularly impor-
tant aspect of this argument concerns the depth to 
which the large impacts sample the underlying layers, 
hence bears directly on the question of evaluating 
which of the lunar samples returned by Apollo may 
have deep-seated origins, such as the dunite (72415) 
and norite (78235) from the Apollo-17 site. The 
geometry of the basins, the thickness of the basaltic 
mare-fill, the relationship of the radius of the crater 
of excavation to the present topographic expression 
(which includes possible large-scale slump) all relate 
directly to crater-formation mechanics. 
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The sequence and brief time span involved in the 
formation of the lunar basins is in part responsible for 
the view that early heating of the outer parts of the 
moon was caused by intense particle flux. This release 
of gravitational potential energy is one means of 
supplying heat required for extensive melting of the 
outer layers, sometimes referred to as the lunar 
magma ocean. Most currently popular models of the 
thermal evolution of the moon and terrestrial planets 
embody such a view. In these models, as time passes, 
the early lithosphere thickens and the interior..JTiolten 
layer shrinks, until at about 2 b.y. (for the small 
planets: moon, Mercury and Mars) crystallization is 
complete. It was during this early partly-molten phase 
of lunar history that the large impact basins were 
formed and the mare basalts erupted. The large basins 
on Mercury and Mars presumably were formed in a 
similar way. These basin-forming impacts appear to 
have occurred at a time when the ratio of lithospheric 
thickness to crater diameter was small, perhaps less 
than unity. Hence, the large impacts penetrated and 
fragmented the lithosphere, much as an explosive 
charge would disrupt the surface of an ice-covered 
but only partially frozen lake. 
Prominent among previous workers who have 
addressed themselves to the process of large impact 
basin formation are Shoemaker and Hackman (1962), 
Stuart-Alexander and Howard (1970), Hartmann and 
Wood (1971), Wilhelms and McCauley (1971), 
McGetchin et a!. (1973), Head (1974 ), Pike (1974), 
Head et al. (1975) , and recently by computer meth-
ods, O'Keefe and Ahrens (1975). Stated in general 
terms, the problem is to assess the effects of large 
impacts on layered partially-molten planets. We wish 
to understand the details of the crater formation 
history and distribution of ejecta, post-crater defor-
mation processes, and associated seismic disturbances. 
The observations and plior results which most 
directly motivated us are desclibed in papers by Gault 
and Wedekind (1969), Schultz (1972, 1974) and 
Schultz and Gault (1975a, b). Gault and Wedekind 
fired small projectiles at glass spheres of tektite com-
position and observed both large craters and large 
spallation zones antipodal to the craters. Schultz 
ascii bed the origin of the hilly and grooved terrains 
antipodal to the major lunar basins Imbrium and 
Orientale, and to the Cal oris basin on Mercury, to the 
effects of focused impact-generated body and surface 
waves. Schultz and Gault show that for the Orientale 
event a body wave arrives at the antipode about 8 
min after an impact ; ejecta are dispersed in time 
between about 28 and 50 min; and surface waves 
arrive later yet, some 80 min after impact. These 
results certainly are dependent on both the condi-
tions and scale of the impact and also importantly on 
the physical properties and structu ral configuration 
of the planetary interior. We wish to extend the work 
of Schultz and Gault (1975a, b) , namely to desclibe 
quantitatively and in detail the seismic effects of the 
very large impacts ; eventually to parameterize certain 
aspects of impact energy, internal structure (such as 
the thickness and depth of the molten layer), and 
physical properties; and to examine the results in 
light of potentially observable effects on geological 
features. This paper presents our methods and some 
initial results. 
The plan of the paper is as follows. In Section 2 
we present the essentials of the numerical methods 
which we employ. Since these techniques have not 
received extensive discussion in the planetary sciences 
literature, we have chosen to include a fairly detailed 
description of our general computational approach. 
In Section 3 we discuss specific methods used in the 
present work and describe the results of selected cal-
culations. Section 4 presents conclusions and some 
possible planetological implications. 
2. A computational tool for impact studies 
The TOODY3 Lagrangian finite-difference com-
puter program (Bertholf and Benzley, 1968) cal-
culates solutions to wave-propagation problems in 
two dimensions. TOODY3 employs either a rectan-
gular coordinate system, with one direction being a 
direction of translational symmetry along which 
strains vanish, or a cylindrical system, with one axis 
being an axis of rotational symmetry. Fig. 1 b illus-
trates one of the computational meshes used in this 
study. Here the horizontal axis is the symmetry axis, 
and the planet thus represented is spherical. 
The term Lagrangian applies to a computational 
mesh which moves with the material, so that no mass 
is transferred between zones of the mesh. The price 
one pays for this lack of diffusion is an eventually 
severe distortion of the mesh, which ifleft uncor-
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Fig. 1. The computational mesh. 
a. Logical space. The grid consists of a rectangular array of 
cells labeled (i,j). To each vertex is assigned a position vector 
Y;;· To each cell are assigned appropriate thermodynamic 
quantities Pij• E;;. etc. 
b. Physical space. The actual geometric shape of the system is 
revealed when the vertices (i,j) are placed at the positions Y;;. 
Here we see the initial configuration of a spherical planet. 
rected would destroy the accuracy of the finite-differ-
ence method. TOODY3 is therefore used in combina-
tion with an automatic rezoning program called 
TOOREZ (Thorne and Holdridge , 1974) which inter-
mittently re-aligns the distorted mesh into a near-
orthogonal configuration. Some diffusion is of course 
introduced when the rezoner is used , but on the 
whole, this intermittently rezoned Lagrangian proce-
dure appears to be less diffusive than Eulerian or con-
tinuously-rezoned Lagrangian methods. 
TOODY3 approximates a description of the state 
of a large system by specifying the values of the ther-
modynamic and structural variables at a finite num-
ber of points of the system (the computational 
mesh). Given the state of the system at a timet, the 
program predicts the state at the subsequent timet+ 
0t. This cycle is repeated as often as needed to calcu-
late the evolution of the system in time. Fig. 2 
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EQUATIONS EQUATIONS 
OF STATE OF MOTION 
KINEMATICS 
VELOCITIES 
Fig. 2. The logical path followed in computing the time evo-
lution of the stress field. 
depicts the logical path followed in advancing the cal-
culation by one time step. Given the initial stress 
field, the acceleration a of the material in each zone is 
computed from equations which are equivalent to the 
conservation of momentum . In cylindrical coordi-
nates , with rotational symmetry about the z-axis, 
these equations are: 
- p(d" - lf) = oTxx /oX+ orz /oz + crxx _ rzz)/X 
(I a) 
- p(az - gz) = oTxz /ox+ oTzz /oz + Txz /x 
(I b) 
Here x and z are the (cylindrically) radial and axial 
coordinates, respectively; pis the material density; g 
is the acceleration due to gravity; and rxx, -rz and 
yoxz are respectively the radial, axial and shear 
stresses. For the sake of clarity we have omitted vis-
cous terms which also enter eqs. 1. 
Once the accelerations are known , velocities ux, uz 
and displacements ox, oz are calculated from the 
obvious kinematical formulae: 
a" = oux /ot, 
ux = ox/ot, 




The local strain rates dii are then calculated from: 
dxx = oux /ox, d 22 = ouz /oz 
dxz =dzx = l/2(oux/oz +ouz/ox) 




and the resulting updated strains give rise to the new 
stress field via a set of equations of state. The logical 
loop of Fig. 2 is then complete, and the time-incre-
mented stress field known . 
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Notation 
p material density 
Po density in the cold unstressed state 
1] compression = 1- Pol P 
pressure = mean stress 
specific internal energy 
pressure along a compressive reference curve 
specific in tern a! energy along the same 
reference curve 
Gr\ineisen ratio relating pressure to therm al energy 
ratio of specific heats in the vapor state 
r - 1 
energy of melt 
energy of sublimation 
bulk modulus in the cold unstressed state 
KoCroPoEsf1 
bulk sound speed in the cold unstressed state 
The present version of the TOODY3 code includes 
several different models for the equations of state. We 
shall discuss only the one used in the sample calcula-
tions presented in the next section. We require of the 
equations of state the following properties: 
(I) Variable shear and bulk moduli which can be 
chosen to match experimental data or theoretical 
models of planetary interiors. 
(2) A shear strength which may be dependent on 
pressure , decreases with increasing temperature, and 
is zero in the molten state. 
(3) Realistic models of shear and tensile failure. 
( 4) Realistic descriptions of melting and vaporization. 
For the various parameters which enter our constitu-
tive equations see the Notation. 
For a solid compressed material, we adopt the Mie-
Griineisen equation: 
(4) 
The reference pressure PH(P) is usually an analytical 
fit to experimental data. We are presently using a 
Hugoniot relation: 
PH = PoC~ 1](1 - s1])- 2 (5) 
with one free parameters. This form comes from the 
observation that for many materials the shock veloc-
ity IJ.s is a linear function of the particle velocity IJ.p: 
(6) 
The reference energy E H(P) is taken to be: 
EH = 17PH(2Po)- l (7) 
For material with p <Po (distended or vaporized 
material) we use the equation: 
p=p[H+ {r0 -H}(p/p0)
1
/ 2 ] X 
[E-E
5 
{1 - eNrJ(l - rJ)}] 
Note that for highly expanded materials, eq. 8 
approaches the ideal gas law: 
p = (r- 1) p(E- Es) 
For a material at its unstressed density Po, eq. 8 
reduces to: 




which agrees with the Mie-Griineisen equation in the 
limit p =Po-
It is necessary to recompute the internal energy E 
during each cycle. We invoke the conservation of 
energy to equate the rate of change of energy to the 
rate at which work is being done by various stresses 
against volume changes and distortion: 
(11) 
Here Pv is the rate at which work is done by the pres-
sure against volume changes;Pd is the rate at which 
work is done by deviator stresses against distortion; 
and Qv, Qd are the corresponding terms for viscous 
pressures and stresses. External sources of energy can 
also be included, but have not been written in eq. 11. 
In order to model shear failure and plastic flow in 
solid materials, we compute at each time step the 
second deviatoric stress invariant: 
/20 =1/6[(al - a2)2 + (a2 - a3)
2 + (a3 - a 1?l (12) 
in terms of the principal stresses ai· The von Mises 
criterion: 
(13) 
then identifies the elastic shear strength of the 
material at each point. The strength Y may depend 
on density and internal energy in a variety of ways; 
in the present calculations we are using a simple form 
which allows for the softening of a heated material, 
and the vanishing of the shear strength in the molten 
state: 
(14a) 
Y= 0, (14b) 
During each cycle, stress loading is treated as an 
elastic process governed by the bulk modulus and the 
Poisson ratio (from which one finds the shear 
modulus). At the end of each time step the von Mises 
criterion (13) is examined for each point in the mesh 
in order to detect shear failure. If the elastic limit Y 
has been exceeded, the stresses at that point are 
returned to the yield surface along a path normal to 
that surface. 
In a similar manner, the principal stresses are 
examined, and if a tension in any direction exceeds 
the tensile strength of the material, the stress is 
reduced to zero in that direction. Thereafter the 
material is considered fractured at that location, and 
its tensile strength is set to zero. 
We shall forgo a discussion of the finite-difference 
equations, artificial viscosity, numerical stability and 
other matters primarily of concern to numerical 
hydrodynamicists. The interested reader may find an 
excellent introductory treatment of these topics, 
together with references to more advanced works, in 
Harlow and Amsden (1971 ). This therefore concludes 
our description of our general computational meth-
ods. 
3. Sample calculations 
In this section we will describe some of the 
specific techniques which we have developed to 
study the global effects of impacts. We have shown in 
Fig. I a typical computational mesh representing a 
spherical planet. It is necessary to establish for each 
zone of the mesh appropriate initial values of the 
thermodynamic and structural variables correspond-
ing to the static equilibrium configuration of the 
planet, and then to simulate the impact event in a 
suitable manner. To this end we select a density pro-
file p(r), where r is the (spherically) radial distance 
from the center of the planet to a given interior 
point. This density profile may be taken from a theo-
retical planetary model which we wish to investigate, 
or it may be computed as a solution to the equation 
of hydrostatic equilibrium for a given equation of 
state. Having selected p(r), we assign to each zone of 
the mesh an appropriate pressure p(r) and internal 
energy density E(r), and to each vertex a gravitation-
al acceleration g(r) in such a way that these quan-
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tities are all consistent with the equation of state and 
with the finite-difference form of the equation of 
hydrostatic equilibrium: 
pg = \lp 




The gravitational field is not recomputed during 
the calculation of the impact event. Thus in regions 
of large material motions (i.e. near the impact point) 
an error will be introduced, especially for the crater 
ejecta. However, in the present study we are interested 
in the regions far from the impact, and particularly in 
the antipodal point. In these regions little bulk 
motion of the material occurs, and the gravitational 
field computed by eqs. 15 remains a good approxi-
mation. Furthermore, as we shall soon see, the 
behavior of the far-field shock waves is very little 
affected by the details of the energy release and 
crater formation. 
The most important effect of the gravitational 
field on seismicity is to provide throughout the plane-
tary interior an ambient overburden (hydrostatic 
pressure) which is usually greater than the strength of 
the impact-generated shock wave. It follows that 
throughout most of the planet, the behavior of the 
shock wave is insensitive to the tensile strength of the 
material. The reason is clear: in order to approach the 
tensile limit of the material, a rarefactive wave must 
first overcome the compressive overburden. This 
overburden increases rapidly with increasing depth in 
the planet, but the strength of the shock wave 
decreases rapidly as it travels away from its source. 
Thus the material tends to remain compressed, even 
when transmitting a rarefactive wave. This convenient 
masking of an ill-known material property does not 
occur for shear strength, a parameter to which the 
calculation is quite sensitive. We shall return shortly 
to this point. 
We now turn to the impact itself. In most of our 
calculations we have, for the convenience of the com-
puter, simulated an impact by depositing the proper 
amount of internal energy into one mesh zone near 
the surface of the planet. This procedure models the 
impact as a buried explosion, a situation in which it is 
well known that cratering phenomenology is very sen-
sitive to the manner of energy deposition, specifically 
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Fig. 3. Comparison of the shock waves from a simulated impact (a) and a buried explosion (b). 
In either case the energy (= 1 o24 J) is deposited at the right-hand side of the figure, on the symmetry axis. These are contour 
plots of the second deviatoric stress invariant. 
to the scaled depth of burst for buried explosives. By 
contrast, the global seismic disturbance is quite insen-
sitive to the mode of energy release. To ilbstrate this 
insensitivity , we present in Fig. 3 a comparison 
between an impact and a buried explosion of approxi-
mately the same energy(~ 1024 J). These figures are 
contour plots of the second deviatoric stress 
invariant , defined by eq. 12, which represents essen-
tially the distortion of the material. They show the 
general configuration of the in tern a! shearing stresses 
at a time when the leading edge of the initial shock 
wave has almost reached the antipodal point. As one 
would expect , the results differ substantially near the 
craters, but the distant seismic effects are almost 
indistinguishable . 
We now describe two calculations designed to test 
the sensitivity of the results to a physical property of 
the planetary interior, namely the shear strength. In 
both calculations we consider self-gravitating planets 
of uniform density p, with : 
p = p 0 = 3.21 g/cm 3 
Other relevant material properties common to both 
calculations are as follows : 
c0 = 5.23 km/s ; s = 1.27; 
H=0.2 ; Y0 = 600 bar ; Ko = PoCB 
The planetary radius is 2,000 km , and the energy 
deposited (as a buried explosion) is approximately 
1025 J. We are using Hugoniot data given by van Thiel 
(1966) for olivine. 
The calculations differ only in the values of the 
melt energy Em. Since the temperature increases with 
depth , we can arbitrarily select a melt energy which 
will provide a molten interior of any desired radius . 
For the two calculations, we have chosen, as extreme 
situations, melt energies which give in one case a com-
pletely solid planet , and in the other a planet which is 
completely molten, except for a thin solid surface 
of thickness 67 km (which is the width of one com-
putational cell). 
Clearly this problem is not intended to represent 
in detail a realistic model of any specific planetary 
interior. Nor do we wish to emphasize too strongly 
the quantitative results of these early calculations . 
Nevertheless these material properties are not unrea-
sonable for the smaller terrestrial planets, especially if 
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they lack condensed cores at the relevant stage in 
their histories. Therefore we expect that our results 
are qualitatively correct, and probably are close 
order-of-magnitude estimates of the actual physical 
situation. 
Fig. 4 shows contour plots of the material density 
(a good measure of the overall compressive or rare-
factive nature of the shock wave) at selected times 
for both calculations. In both cases a nearly-spherical 
compressive wave is propagated from the impact 
point, trailed immediately by a broad rarefaction 
zone. This direct wave arrives at the antipode about 
10 min after impact. Following this initial signal is a 
complicated pattern of stresses generated by inter-
actions of the initial wave with the free surface. A 
prominent feature of this pattern is a second com-
pressive front which converges quite sharply at the 
antipode (see especially Fig. 4f) about 20 min after 
impact. 
Late-time seismic activity deep beneath the anti-
pode is particularly interesting. Between about 15 
and 30 min after impact, violent and persistent oscil-
lations in density and stress, showing very steep 
spatial gradients, are produced by constructive and 
destructive interference among waves singly- and 
multiply-reflected from the free surface. Excluding 
the crater region, the antipode is the scene of the 
most vigorous surface motion, but the strongest mani-
festations of these oscillations occur beneath the anti-
pode, at depths as great as half the planetary radius. 
Although the results of the two calculations 
possess qualitative similarities, the seismic response of 
the molten planet is greater (by factors of 2- 3) than 
that of the solid planet. We attribute this difference 
to the more effective energy dissipation mechanisms 
present in the solid . In propagating through the solid, 
a wave must do work to produce shearing deforma-
tions ; if the wave is strong enough, energy is lost in 
producing plastic deformations, or in breaking the 
material. These avenues of energy loss are not avail-
able in the purely hydrodynamic calculation describing 
the molten material. In Fig. 5 we show the time 
histories of the surface displacement, the surface veloc-
ity and the minimum principal stress near the anti-
podal point, for both calculations. The velocity and 
displacement plots show particularly well the greater 




Fig. 4a and b. For caption seep. 260. 
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Fig. 4c and d. For caption seep . 260. 
® 
Fig. 4. Contour plots of material density at three selected times for a completely solid planet and for a planet with a completely 
molten interior. 
(a)= solid, at 400 s; (b)= molten, at 400 s; 
(c)= solid, at 600 s; (d)= molten, at 600 s; 
(e)= solid, at 1,400 s; (f)= molten, at 1,400 s. 
In both cases the energy deposited is approximately 102 5 J; the material properties for these calculations are described in the 
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Fig. 5. Time histories of surface displacement, surface velocity, and minimum principal stress near the antipode for the two calcu-
lations illustrated in Fig. 4. 
(a)= displacement, solid planet ; 
(c)= velocity, solid planet; 
(e)= minimum stress, solid planet; 
{b)= displacement, molten planet; 
{d)= velocity, molten planet; 
(f) = minimum stress, molten planet. 
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The minimum principal stress is an important 
quantity in that it is the first stress component to 
reveal tension (by being negative) , and is therefore 
the indicator for tensile failure. Fig. 5e and f records 
this stress component at a depth of 33 km beneath 
the antipode (because that is the depth of the center 
of the outermost computational cell); the material is 
initially solid at this depth . For the planet with a 
molten interior, tensile failure occurs (twice: at 1,130 
and 1,400 s) even at that depth, where the ambient 
hydrostatic pressure is almost 2 kbar. For the complete-
ly solid planet, tensile failure does not occur at that 
depth, but a very strong relative rarefaction, about 
0 .75 kbar, is present. It is therefore likely that the 
surface near the antipode is fractured to a consider-
able depth, although not as deeply as in the molten 
case. These strong rarefactions are not confined to 
the antipode, but with varying strength encounter the 
surface globally. Our calculations thus raise the intri-
guing possibility that the seismic effects from suffi-
ciently large impacts may be great enough to fracture 
the entire surface of the planet. 
4. Conclusions 
The calculations described in the foregoing section 
lead us to several general conclusions. We shall list 
these in the order of decreasing certainty. 
(1) The distant seismic effects of impacts and near-
surface explosions are similar and are rather insen-
sitive to the detailed manner of the energy release. 
(2) Antipodal seismic focusing occurs and appears 
to be of morphological significance. We find ground 
motions on the order of kilometers, velocities of 
tens of meters/second, and accelerations approaching 
one lunar gravity. 
(3) The strongest effects are caused not by direct 
shock waves, but by the complex interference pat-
terns of waves reflected from the free surface. 
Furthermore the most dramatic responses are seen at 
great depths within the planet. 
(4) The seismic response of a molten planet is 
greater than that of a solid one. Thus the presence of 
interior molten layers at the time of the basin-form-
ing impacts will have a significant influence on the 
transmission of seismic energy from these impacts. 
(5) Tensile failure occurs to considerable depth 
near the antipode and may occur (to moderate 
depths) globally. This raises the possibility that the 
basin-forming impacts may have repeatedly brecci-
ated the entire early lithospheres of each of the 
terrestrial planets. 
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Optical, thermal and radar remote-sensing measurements indicate that Mercury is covered with a relatively thick 
layer of soil similar in texture and thickness to lunar regolith. Photometric limb profiles measured by Mariner 10 
imply that the small-scale slopes on Mercury are about half those on the moon, probably because of differing grav-
ity. The differential photometric functions of Mercury and the moon have a latitudinal dependence which can be 
completely accounted for by shadowing in craters. The lack of polar darkening on Mercury in spite of the presence 
of a magnetic field implies that the dominant soil-darkening process on Mercury, and by extension, on the moon is 
not dependent on the solar wind, but probably is deposition of material evaporated by meteorite impacts. Recent 
measurements of Mercury's spectral reflectivity in theIR and vacuum UV are both consistent with the surface rocks 
of Mercury being lower in FeO than those of the moon. Based on laboratory experiments the average FeO content 
on the surface of Mercury is estimated to be between 3 and 6%. 
1. Introduction 
In the absence of soft-landed spacecraft, remote 
sensing continues to be the sole source of information 
on the composition and small-scale structure of the 
regolith of Mercury. The integral optical, thermal-
and radar-reflecting properties of Mercury and the 
moon are summarized in Fig. 1 and Table I. These 
properties are identical within observational error , 
strongly implying that the surface of Mercury is cov-
ered with a soil similar in its depth, single-scattering 
albedo and grain-size distribution to lunar regolith. 
Analysis of Mariner-1 0 images (Hapke et al., 1975a) 
sustained this conclusion and extended the resem-
blance to smaller scales. These conclusions are also 
supported by the similarity of crater densities on 
older areas of Mercury and the moon (Murray et al., 
1974), which implies that the cratering histories of 
the two bodies have been comparable. Most charac-
teristics of the regolith are probably controlled by 
the meteorite fluxes at the surfaces of the two planets 
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Fig. 1. Integral photometric functions (normalized to zero 
phase) of Mercury (Danjon, 1949) and the moon (Rougier, 
1933), and polarization phase functions (Lyot, 1929). 
TABLE I 
Summary of remote-sensing data * 1 
Quantity 
Visual physical albedo 
Midnight temperature ("K) 
Thermal inertia (cal. c.g.s. o K) 
Thermal skin depth (em) 
RF skin depth (f...) 
Radar cross-section 
Dielectric constant 



















*I Sources: Pettingill (1969); Morrison (1970) ; Dollfus and 
Titulaer (1971) ; Goldstein (1971); Chase et al. (1974); Doll-
fu s and Auriere (1974); Mendell and Low (1975) . 
*
2 Lunar thermal skin depth scaled to Mercury . 
would indicate that these fluxes have been greatly dif-
ferent. 
The data obtained by Mariner 10 on its three fly-
bys of Mercury are a continuing source of new infor-
mation on the planet, and reduction of this data is 
far from complete . This paper analyses some of the 
recent results of data from several sources including 
Mariner 10 , earth-based and laboratory studies , for 
implications concerning the composition and micro-
relief of the regolith of Mercury and the nature of 
some of the processes which have affected the optical 
properties of the surface . 
2. Small-scale roughness 
Analysis of the Mariner-! 0 images has shown that 
the differential optical scattering properties of Mer-
cury are similar to the moon's (Hapke et al. , 1975a). 
The photometric function of the surface of the moon 
can be understood in terms of a single-scattering mod-
el with a locally horizontal upper boundary (Hapke, 
1963). However , near the limb the theoretical bright-
ness of a medium with a smooth upper surface rises 
to a sharp peak which is much higher than the ob-
served profile (Fig. 2). Hapke (1966) has shown that 
the lunar limb spike can be removed if the roughness of 
the surface is taken into account. In fact, the limb spike 
can be used to estimate average maximum slopes on 
the surface of the planet by noting the angle by 
which the portions of the surface visible at grazing 
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Fig. 2. Theoretical brightness profile (Hapke, 1963) along the 
luminance equator of the moon, compared with Mariner-10 
observations at a phase angle of 83°. 
The abscissa is proportional to the sine of the longitude from 
the sub-spacecraft point. The pronounced minima near the 
limb are M. Smythii, M. Fecunditatis and M. Nectaris. 
.. 
Position on Disk 
MERCURY 
¢ =77. 5 ° 
•••Morlner 10 Dote 
-Theory 
Fig. 3. Theoretical brightness proftle along the luminance 
equator of Mercury, compared with Mariner-10 observations 
at a phase angle of 77.5° . 
The abscissa is proportional to the sine of the longitude from 
the sub-spacecraft point. The profile is of the outgoing hemi-
sphere of Mercury. The Cal oris Basin is to the left . The much 
smaller brightness contrasts compared with the moon (Fig. 2) 
are obvious. 
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emission must be tilted toward the observer to 
reduce the limb brightness to that actually measured. 
The theoretical photometric profiles along the 
luminance equator were normalized to actual profiles 
on Mariner-} 0 images of Mercury and the moon until 
optimum agreement was obtained over most of the 
planet. The point of departure of the theoretical limb 
spike from the observed brightness was then esti-
mated . The difference in longitude between the limb 
and the departure point is then approximately equal 
to the average slope of areas visible at the limb. For 
the moon (Fig. 2) the width of the limb spike is 
approximately 40 ± 5° on an image with a phase 
angle of 83°. This value agrees with earlier estimates 
using earth-based photographs (Hapke , 1966). For 
Mercury (Fig. 3) the limb spike is about 25 ± 5° wide 
at a nearly equal phase angle of 77.5°. A similar con-
clusion was reached earlier using telescopic photo-
graphic photometry by Hameen-An ttila (1967). 
Apparently the maximum slopes on Mercury are 
roughly half those on the moon, probably because of 
the influence of gravitational field on the angle of 
repose of a cohesive soil. These slopes almost cer-
tainly are a measure of roughness in the centimeter-
meter size range. 
3. Polar darkening on Mercury and soil darkening 
processes 
Soon after the detailed processing of the images of 
Mercury taken by Mariner 10 began, it became appar-
ent that the polar regions of the planet were darker 
than the equatorial areas on pictures taken at phase 
angles near 90° (Fig. 4). The question immediately 
arose as to whether there was actually a systematic 
dependence of albedo on latitude or whether the pho-
tometric function of Mercury is a function of lati-
tude. It is well known (Minnaert, 1961) that the dis-
tribution of normal albedos on the moon has no sys-
tematic dependence on latitude . 
In order to investigate the polar darkening phe-
nomenon further, images of the moon taken by Mari-
ner I 0 at approximately the same phase angle were 
examined. These pictures showed that the moon also 
exhibits polar darkening of the same magnitude (Fig. 
4). This result appeared to contradict the finding of 
Minnaert (1961) who showed that, when the radian-
ces from various lunar areas are normalized by their 
normal albedos, the isophotes lie approximately along 
lines of longitude . However, Minnaert worked only 
with photographs of the nearside of the moon , where 
the equatorial regions are dominated by the darker 
maria, and he may have over-compensated when nor· 
malizing, particularly at large phase angles. The Mari-
ner-10 images used contain mainly the lunar farside, 
which is almost entirely highlands and has a more uni-
form albedo distribution than the nearside. Thus the 
lunar spacecraft images implied that the existing pho-
tometric function (Hapke , 1963 , 1966) of the moon 
is probably incorrect, and that any apparent latitudinal 
dependence of albedo on Mercury is mostly an arti-
fact of applying the incorrect lunar photometric func-
tion to calculate Mercurian albedos . 
The most obvious effect which would cause the 
photometric function to have a latitudinal depen-
dence is shadowing within craters. Therefore, the the-
oretical function of Hapke (1963) was modified to 
crudely model the effects of craters by averaging the 
brightness of an area over a box-shaped square depres-
sion of sideD and depth d , where the sides are paral-
lel to lines of latitude and longitude. Such an analysis 
is easy to carry out analytically because all surfaces 
are either horizontal or vertical , and shadow edges are 
parallel to sides. Attempts to model the effects of sur-
face roughness using more realistic crater shapes, such 
as spherical caps or cones, are presently in progress in 
a computer study, and will be published in a future 
paper. 
The results of distorting the surface into box-
shaped craters are shown in Fig. 4, where it is seen that 
the craters with depth to diameter ratios of 0.15 -
0.20 can completely account for the apparent polar 
darkening on both the moon and Mercury. While 
more realistic crater shapes will undoubtedly alter the 
details of the curves , the changes are not expected to 
be large enough to reverse the conclusion that Mer-
cury is like the moon in having no systematic depen-
dence of normal albedo on latitude. 
However, it is of interest to inquire whether there 
are circumstances under which a latitudinal albedo 
dependence on Mercury might be expected. Mercury 
differs from the moon in having a relatively strong 
magnetic field . Because the field was probed by 
Mariner I 0 along approximately equatorial trajec-
tories , the exact nature of the field is uncertain, but 
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Fig. 4. Calculated normal albedos (solid lines) as a function of luminance latitude along a meridian of luminance longitude 40° on 
Mercury and the moon. 
These albedos were calculated by applying the theoretical photometric function of Hapke (1966) to radiances measured by Mari-
ner 10 at the indicated phase angle rf>. The dashed lines illustrate the effect of craters with the indicated depth to diameter (d/D) 
ratios on the apparent albedo for a disk of uniform normal albedo. 
the data are fully consistent with a dipole (Ness et a!., 
1975). Siscoe and Christopher (1975) have pointed 
out that a dipole field of the observed strength will 
not allow the magnetopause to touch the surface of 
the planet, even during very large disturbances of the 
solar wind. However, some of the solar-wind ions can 
still reach the surface by substorm-type interactions 
with the geomagnetic tail, so that solar-wind bom-
bardment of the surface of Mercury would be con· 
fined largely to the polar regions. Thus any darkening 
process that depends on the solar wind would be 
expected to have more pronounced effects at the 
poles than at the equator. 
Several processes have been proposed for darken-
ing lunar rock powder. They may be summarized as 
follows: 
(1) Direct sputtering or metamictization by the 
solar wind (Wehner, 1961 ; Hapke and Van Horn, 
1963; Gold eta!., 1975; Maurette and Price , 1975). 
(2) Deposition of material sputtered by the solar 
wind (Hapke, 1965). 
(3) Vitrification by meteorite impacts (Conel and 
Nash, 1970). 
( 4) Redeposition of material evaporated by mete- 
orite impacts (Hapke et a!., 1970). 
(5) Reduction of FeO to Fe by meteorite impact 
(Cisowski et a!., 1973). 
(6) Production of Fe by impact melting of grains 
saturated with H from the solar wind (Housley et a!., 
1973). 
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Processes 1 and 2 depend only on the solar wind; 
processes 3 - 5 depend only on meteorite impact; 
and process 6 depends both on the solar wind 
and on impacts . Process 3 has been shown to be inef-
fective by a careful study of the absorption properties 
of glasses oflunar composition (Hapke et al., 1975b ; 
Wells and Hapke , 1977). Process 5 was based on a 
single experiment, but recent attempts to duplicate 
the earlier results have failed to demonstrate any 
reduction of FeO by shock (Cisowski, 1976). Thus 
only processes 1, 2, 4 and 6 will be considered further. 
The times for these processes to darken soil on 
Mercury and the moon will now be estimated. The 
following assumptions are made. 
(a) Micrometeorite fluxes on Mercury and the 
moon are of the same order of magnitude and are 
those estimated by Gault et al. (1972) . 
(b) The magnetic field of Mercury is a dipole field. 
(c) The average solar-wind flux reaching the surface 
of Mercury is smaller by a factor of 160 than the flux 
at the lunar surface. This value is calculated by Hartle 
et al. (197 5) from Mariner-1 0 measurements of the 
He abundance in the atmosphere of Mercury, assum-
ing that the source of the He is equilibrium solar-wind 
interaction with the surface. For purposes of illustra-
tion, it is assumed that the incident solar wind is 
redistributed by sub-storms so that 90% hits the por-
tion of the surface poleward of latitude 45°, while 
equatorial regions receive 1 0%; the actual pole- equa-
tor asymmetry may be even more severe. 
(d) The low albedos of Mercury and the moon are 
due to submicroscopic metallic iron (SM Fe) in the 
soil. Extensive evidence supporting this assumption is 
discussed in Hapke et al. (1975b). Laboratory mea-
surements of sputtered and evaporated materials 
(Hapke et al., 1975b) show that appreciable absorp-
TABLE II 
Lunar and Mercurian darkening times 
tion occurs in a film about 1 fJ.m thick containing of 
the order of 10% SM Fe. Thus the minimum mass of 
SM Fe necessary to reduce the albedo of a material is 
of the order of3 · 10-s g cm-2 . 
(e) The rates of formation of glass on the moon by 
various processes are those discussed by Hapke 
(1973), and are as follows : impact melting, 6 · 10-9 g 
em - 2 year- 1 ; impact vaporization , 3 · 10-9 gem - 2 
year- 1 ; sputter deposition, 3 · 10- 9 gem - 2 year - 1 . 
The efficiency for producing SM Fe by shock melting 
of H-saturated soil is 10% (1 atom of Fe per 10 atoms 
of H). 
(f) The total near-surface exposure time on both 
the moon and Mercury is of the order of 2 · 106 year. 
This value follows from the studies of Comstock 
(1977) of particle tracks in lunar soil grains. Com-
stock estimates that because of meteorite gardening a 
typical particle statistically migrates downward from 
the surface at a rate of a few particle diameters per 
105 year and is re-exposed at the surface a total of 
10- 50 times. 
Assuming that crystalline rocks on the lunar high-
lands and Mercury contain of the order of 5% FeO 
(factors of 2 are unimportant for this calculation), 
the estimated characteristic times are given in Table 
II . The darkening times are about equal on the moon 
for the various processes and are shorter than the sur-
face residence times. However, on Mercury the times 
for those processes which depend on the solar wind 
are much longer, and there is a factor of 20 difference 
between the equatorial and polar regions. If the domi-
nant darkening process required the solar wind, the 
polar-equatorial asymmetry would be expected to 
manifest itself in some fashion, such as true polar 
darkening or fewer rayed craters near the poles. How-
ever, the previous part of this section has demon-
Darkening process Lunar highlands Mercury poles Mercury equator 
Solar-wind sputtering 
Impact melting (if soil is saturated with H) 
Time to saturate with H 
Impact vaporization 
Total near-surface residence time 













Fig. 5. Mariner-10 image of the north polar region of the outgoing hemisphere of Mercury. 
The bottom of the frame is approximately at latitude 40° N. The north pole is visible just below the upper part of the limb. The 
image has been processed through a high-pass spatial filter to enhance local brightness variations. The light streaks in the sky 
beyond the limb are artifacts of the processing. 
strated that there is no evidence for polar darkening 
on Mercury. Fig. 5 shows that there is no dearth of 
rayed craters in the polar regions of the planet. 
Although the numbers given in Table II are highly 
uncertain, their relative relationships should not 
change dramatically as better data become available, 
unless the magnetic field of Mercury is not a dipole. 
Barring this circumstance, the available evidence sug-
gests that the dominant darkening process on Mer-
cury, and by extension the moon, is one which 
depends only on meteorite impacts. Matson eta!. 
(1977) have also reached this conclusion from a com-
parison of asteroid, lunar and Mercurian spectra. Of 
all the suggested impact darkening processes , only 
vapor-phase deposition remains viable. 
4. Composition 
The data on the composition of the Mercurian 
regolith are extremely limited. The overall similarity 
of the reflectivity spectra of the moon and Mercury 
(McCord and Adams, 1972) led some workers to con-
clude that the surface of Mercury was rich in Fe and 
Ti , resembling the Apollo- II soil samples. However, 
this conclusion was based on an early interpretation 
that the darkening agent in lunar soils is Fe-Ti-rich 
glass, an explanation which now seems erroneous 
(Hapke eta!., 1975b; Wells and Hapke , 1977). Hapke 
eta!. (1975a) argue from the unusual combination of 
high albedo and blue colors (relative to average) of all 
Mercurian ray systems and from the lower albedo 
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contrasts between surface units that the regolith of 
Mercury is lower in Fe and Ti than the moon. The lat-
ter interpretation is consistent with models of con-
densation in the primitive solar nebula (Grossman , 
1972; Lewis, 1972), which predict that the bulk com-
position of Mercury should be lower in FeO than ob-
jects which condensed further out from the sun. 
However , the manner in which differentiation and 
other processes have altered the surface composition 
is highly uncertain . 
A major difference between the reflectivity spec-
trum of Mercury (Fig. 6) and the moon is that the 
former lacks the absorption band at 0 .95 J.lm, which 
in the latter is due to Fe2+ in pyroxene (McCord and 
Adams, 1972; Vilas and McCord, 1976). From com-
parison with low-Fe lunar highland soils Adams and 
McCord (1977) conclude that the average FeO con-
tent in the Mercurian soil must be less than 6%. Also 
missing from Mercury's spectra are bands which 
might be associated with common Ti minerals, such 
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Fig. 6. Diffuse reflection spectra of three Ti mineral powders 
(relative to BaS04) and Mercury. 
The Mercury spectrum is that of Vilas and McCord (1976) 
normalized to the physical albedo of 0 .125 at 0.56 J.Lm (Doll-
fus and Auriere, 1974). 
Ti02 (Fig. 6), and Ti-rich glass (Fig. 7). Such bands 
might have been expected because certain Ti minerals 
are refractory and might have condensed in abun-
dance close to the early sun. 
The conclusion that the surface of Mercury is 
lower in FeO than the moon is also consistent with 
the recent reductions by Broadfoot (1976) and Wu 
and Broadfoot (1977) of the Mariner-! 0 UV observa-
tions of Mercury and the moon. These workers found 
that the reflectivity of Mercury in the 5 80-1660 A 
wavelength region is approximately 2/3 that of the 
moon . In this range silicates are opaque, so that scat-
tering takes place only by specular reflection from 
the surfaces of soil particles, and the reflectivity is 
determined essentially by the Fresnel coefficient: 
r = (n - 1)2 + e 
(n + 1)2 + k 2 
where n is the real and k the imaginary part of the 
index of refraction. Thus, in the vacuum UV increas-
ing absorption increases the albedo, in contrast to 
scattering at visual wavelengths where greater absorp-
tion decreases the albedo. Although quantitative val-
ues cannot be given, laboratory experience shows that 
a higher FeO content raises the far-UV reflectivity of 
silicates (Figs. 7 and 8). This result also accounts for 
the observation by Apollo 17 that in the vacuum UV 
the lunar maria have higher albedos than the high-
lands (Lucke et al., 1974). 
Wu and Broadfoot (1977) point out that the 
vacuum-UV albedo difference between the moon and 
Mercury could also be explained by a difference in 
soil particle size. Such an explanation is less likely 
than compositional difference for several reasons. The 
particle-size distribution in the regolith is controlled 
by meteorite impacts, through comminution and 
agglomeration, and there is no evidence for significant 
differences in the flux of meteorites at the moon and 
Mercury. Also , changing the particle size of a powder 
has opposite effects on the spectral reflectivity in the 
far-UV and visual-IR regions. In the far UV the grains 
are opaque, and decreasing the size decreases the 
albedo (Hapke and Van Horn, 1963). However, at 
longer wavelengths, where silicates are transparent, 
decreasing the size increases the albedo, but does not 
significantly decrease the contrast of the 1-J.lm Fe2+ 
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Fig. 7. Diffuse reflection spectra (relative to BaS04) of several pulverized glasses of lunar composition. 
In the far UV below about 0.3 ,urn, where the grains are opaque, powder made of larger grains and/or higher in FeO have larger 
reflectivities, in contrast to their behavior at longer wavelengths, where the grains are translucent. 
25 20 18 16 .if .12 X lp.ml 
.12 -
.10 1- -
.08 1- fayalite -
.. ... . 





. . ... . . 
~.02 -
0 
5 6 7 8 9 10 II 
Photon Energy (eV) 
Fig. 8. Specular reflection coefficients of polished surfaces of 
olivine and fayalite. 
These data were obtained using a Jarrell-Ash 0.5-m Seya-
Namioka monochrometer. 
The estimate of Adams and McCord (I 977) pro-
vides an upper limit to the average FeO content of 
the surface of Mercury . It is not unreasonable to won-
der whether any FeO at all is required in the regolith 
to account for the optical properties. The answer to 
that question is bound up with the cause of the low 
albedo of the moon, a subject which is still uncer-
tain, although most evidence points toward the 
approximately 0.5% SM Fe, which is present in the 
soil but not in the crystalline rocks (Hapke eta!., 
1975b); The SM Fe is produced by a process, whose 
exact nature is highly controversial , in the environ-
ment of the lunar surface. One process which has 
been demonstrated experimentally to be able to pro-
duce an optically absorbing material which is rich in 
SM Fe is vacuum evaporation of ferrosilicates, fol-
lowed by condensation of the vapor onto a cold sub-
strate. On the moon and Mercury this process must 
occur during the impacts of micrometeorites (Gault 
eta!., 1972; Hapke, 1973). Evidence has been pre-
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sen ted in the preceding section that this process is 
important on Mercury and the moon. The process is 
strongly reducing because the oxides partially decom-
pose upon evaporation, and some of the oxygen is 
lost during recondensation. 
In an effort to test whether the vapor-phase con-
densation of Fe-free silicates could produce a strongly 
absorbing film and, if not, whether a lower limit to 
FeO content could be determined, several glasses of 
varying composition were evaporated and recon-
densed. The starting glasses were made in a N2 atmo-
sphere in a closed graphite crucible. An Fe-free glass 
composed of 57% Si02 , 18% Al2 0 3 , 11% MgO and 
14% CaO was prepared, to which was added 7.5% 
Ti0 2 or 15% FeO. A second class of starting materials 
used glasses made from mixtures of natural anorthite, 
containing a trace amount of FeO, and augite, with 
about 8.6% (FeO + Fe 20 3). The Aug/An ratio was 
varied to change the amount of iron oxide in the 
parent glass. The fact that some of the Fe was in the 
form of Fe 20 3 was felt to be unimportant because of 
the strong reducing conditions during the initial prep-
aration of the starting glass and especially during 
evaporation. The glasses were evaporated in an elec-
tron-beam furnace at about 2,000°C in a vacuum of 
about 1 · 10- 6 torr, onto glass slides. The transmis-
sion spectra of the evaporated films were measured 
using a Cary 14 spectrophotometer. 
The absorption coefficients of the films calculated 
from the transmission spectra are shown in Fig. 9. 
The Fe-free base glass and the base glass plus Ti02 
have virtually identical absorption spectra. In the 
visible these absorption coefficients are low ( ~102 
em - 1) and rise steeply in the near UV with slopes of 
about - 8 on the log-log plot of Fig. 9. The Aug-An 
films with FeO made from glasses with starting FeO 
contents ofless than 4% have intermediate absorp-
tions with spectral slopes around - 4. As the FeO con-
tent of the parent glass increases to 4% and greater 
the evaporated films made from these glasses have 
much larger absorption coefficients (~5,000 cm-1 in 
the visible) and the slope decreases markedly to -2. 
The spectra are virtually identical for all starting 
glasses with FeO;;;, 4%. The saturation effect, where 
the absorptivity of the evaporated film is nearly inde-
pendent of the FeO content of the starting material, 
probably occurs because the Fe fraction of the vapor 









\ \ \ 






vacuum evaporation of silicate glasses of varying composi-
tion: 1 =base glass; 2 =base glass+ 7.5% Ti02; 3 = Aug-An 
glass with trace amount of FeO; 4 =Aug- An glass with 1.1% 
FeO; 5 =Aug- An glass with 2.2% FeO; 6 =Aug-An glass 
with 4.3% FeO, 7 =Aug-An glass with 8.6% FeO; 8 =base 
glass+ 15% FeO. 
The difference between glasses 1 and 2 is probably not sig-
nificant. 
evaporation temperature and is relatively insensitive 
to the FeO content of the melt. 
The range of FeO values of 4-15% in the parent 
glasses is similar to that found in lunar crystalline 
rocks. The transition from weakly absorbing material 
with large spectral slopes to strongly absorbing mate-
rial with small slopes occurs between 2 and 4% FeO 
in the starting material. This experiment implies that 
in order to have a spectrum like the moon or Mercury 
the lower limit to FeO in the surface materials is 
about 3%. Combining this result with the upper limit 
of Adams and McCord (1977), the outer crust of Mer-
cury is estimated to have an average FeO content 
between 3 and 6%. 
5. Conclusions 
As frequently happens, new knowledge gained 
about one planet can give information concerning 
another. The Mariner-! 0 fly-by of Mercury has shown 
that the commonly-accepted photometric function of 
the moon is incorrect and must be modified to 
include latitude darkening by shadowing at large 
phase angles. It has also shown that on a small scale 
the moon is rougher than Mercury. The optical prop-
erties of Mercury and the moon are similar. Especially 
striking is the apparent absence of any dependence of 
albedo on latitude, in spite of a magnetic field on 
Mercury which, if dipolar, only allows the solar wind 
to reach the polar regions. This observation implies 
that an important darkening process on both planets is 
the vapor-phase deposition which accompanies micro-
meteorite impacts. This process is inefficient unless the 
target material contains at least 3% FeO. However, 
the lack of Fe 2+ band in the IR spectrum and the low 
UV reflectivity of Mercury implies that the average 
FeO content is lower in the crust of Mercury than the 
moon, so that the FeO abundance on Mercury is 
probably between 3 and 6%. 
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Butler, J.C., 1977. Preliminary analysis of variation in AI, Mg and Si in Apollo-11, -12 and -15 basalts and regolith. Phys. 
Earth Planet. Inter., 15: 275-286. 
Chemical analyses of Apollo-11 basalts (28 samples), Apollo-11 fines (21 samples), Apollo-12 basalts (55 samples), 
Apollo-12 fines (28 samples), Apollo-15 basalts (84 samples), and Apollo-15 fines (58 samples) have been extracted from 
the lunar data base and percentages of AI, Si and Mg computed. The correlations between these three variables and the 
ratios Al/Si and Mg/Si were computed and carefully examined to determine the nature of between and within mission 
variations. In all of the data sets except for the Apollo-11 fines the correlations between AI/Si and AI and Mg/Si and Mg 
exceed 0.94. This is a result of the fact that the coefficients of variation for AI and Mg are several times larger than that for 
Si. It can be demonstrated that the AI/Si vs. Al variation for the Apollo-12 and -15 samples (both basalts and fines) is near-
ly linear with a correlation of 0.977. The equation for the line of organic correlation is : Al = 22.89 Al/Si- 0.397. Thus, 
remote-sensing measurements of Al/Si could be conceivably used to compute the Al content for areas covered by Apollo-
12 and -15 types of regolith and basalts. Neither the Apollo-11 fines nor basalts appear to belong to the Apollo-12 plus 
-15 Al/Si vs. AI trend. However, previously published averages for Apollo-17 high-TiOz soils and basalts appear to define, 
along with the Apollo-11 high-TiOz basalts, an Al/Si vs. AI variation parallel to the Apollo-12 plus -15 variation. 
The correlation between Al/Si and Mg/Si is shown to be a function of the correlation between the parent variables and 
the coefficients of variation of the parent variables. Observed Al/Si vs. Mg/Si correlations range from -0.509 for the 
Apollo-12 basalts to -0.052 for the Apollo-11 fines and there is a considerable variation between basalts and regoliths 
from a given site. Plots of remote-sensed Al/Si vs. Mg/Si would be expected to exhibit a rather diffuse trend. 
Interpretation of geochemical ratios from surveys of other planetary bodies will require either ground-truth observa-
tions or demonstration that relations exhibited by lunar and terrestrial materials are likely to be of universal applicability . 
1. Introduction 
Results from the X-ray fluorescence, gamma-ray 
and alpha-particle experiments performed on the 
Apollo-IS and -16 missions have demonstrated that 
unmanned geochemical surveys of planetary objects 
can be successfully undertaken. 
The X-ray data apparently sample only the upper 
10 J..Ll11 of the lunar surface (Taylor, 1975) and thus 
yields information concerning the regolith. Data 
reduction [described by Adler et al. (1972)] provides 
Al/Si and Mg/Si intensity ratios which can be convert-
ed to concentration ratios (Adler et al., 1973). These 
data have been proven useful in large-scale geochemi-
cal mapping (Adler et al., 1972) and in detailed map-
ping of smaller areas (Adler et al., 1973). Recent 
studies by Andre et al. (I 975) and El-Baz and Wil-
helms (1975) have demonstrated that rather detailed 
analyses can be accomplished by combining the con-
centration ratio data with other remote-sensed infor-
mation. 
It appears that it would be very difficult, if not 
impossible, to obtain the absolute values ofSi, AI and 
Mg from the raw X-ray fluorescence data (W .E . 
Valente, Manager, Request Coordination, Goddard, 
pers. commun., 1976). Taylor (1975) was able to 
compute an average highlands regolith composition 
from the measured Al/Si and Mg/Si concentration 
ratios by assuming a constant Si content and by mak-
ing use of known lunar inter-element correlations. 
Future studies would be enhanced if it were possible 
to obtain absolute abundances of as many elements as 
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possible, and if it were possible to relate the chemical 
information derived from the regolith to that of the 
underlying bedrock. The purpose of this paper is to 
present the results from a preliminary analysis of AI, 
Si and Mg variations in Apollo-11 , -12 and -15 basalt 
and regolith samples. This study was undertaken: (1) 
to examine the relationships between these elements 
and ratios derived from them for lunar samples; (2) 
to provide a between and within mission comparison 
of basalts and regolith samples; and (3) to see if it 
might be possible to extend present interpretations 
based on Al/Si and Mg/Si concentration ratios. 
2. Data acquisition 
A copy of the lunar data base (updated in March, 
1976) was obtained from Jeff Warner (Chief, Geo-
chemistry Branch, Johnson Spacecraft Center) and 
served as the primary source for all chemical data 
used in this study. The lunar data base is rather cum -
bersome to use on a routine basis as it is not sorted 
by sample number, and contains some 190,000 lines 
of chemical information. The data base, however, is 
coded so that it is relatively easy to create subsets of 
data for additional manipulation. To date, whole-
sample analyses (coded ALL) of Apollo-11, -1 2 and 
-1 5 basalts and regolith samples have been generated. 
Each set is sorted according to increasing sample 
nurriber and serves as the data base for a series of con-
tinuing numerical and geochemical studies (for exam-
ple, analysis of between-mission variations; examina-
tion of elemental frequency distributions; studies of 
the effects of percentage and ratio formation; Butler, 
1975, 1976, 1977). 
For this study whole-sample analyses were select-
ed, using the following criteria: (1) Si02, Al20 3, 
Ti02, FeO, MnO, MgO , CaO, Na20, K20 and Cr203 
(or Cr) were analyzed for; (2) either P20 5 or S (or 
both) were determined; (3) all analyses were per-
formed on splits of the same sample by the same 
investigator(s); ( 4) the sum of the analyses totaled 
between 98.5 and 101.5. Sample selection was per-
formed by hand to avoid using duplicated analyses 
that appear in the data base. Summary statistics and 
correlation-coefficient matrices (Si, Al, Mg, Al/Si 
and Mg/Si for Apollo-11, -1 2 and -15 basalts and 
regolith) are given in Tables I and II respectively. 
A listing of the samples used in this study is given in 
the Appendix. The reference numbers used to define 
the source of the information are those used in the 
lunar bibliography. 
Taylor (1975) has summarized many previous 
studies of the origin of the regolith and noted that 
the regolith appears to be primarily of local deriva-
tion with the amount of an "exotic" component 
inversely proportional to distance from its source. 
Thus, remote-sensing measurements made on the 
uppermost 10 pm should reflect a substantial con-
tribution from the underlying basalts. One could 
convincingly argue that published analyses of the 
regolith may not reflect the bulk composition of 
the area sampled. Likewise, it is probably impossible 
to compute an "average" basalt composition for a 
given area on the basis of published analyses as we 
can not be certain as to: (1) how many units were 
sampled at a given site; (2) which unit(s) were 
exposed at the surface and which were excavated; (3) 
whether the samples analyzed are representative of 
the local bedrock. Thus, comparisons between rego-
lith and basalts must be made with caution. 
From Table I it is apparent that the regoliths from 
a given site contain more A1 and Si than the associat-
ed basalts. The A1 differences, however, are propor-
tionately greater so that the average Al/Si ratio is con-
siderably greater for the regolith. In part the increase 
in A1 may reflect a highlands component added to the 
regolith, but as Taylor (1975) has noted, the alumi-
nous mare basalts may be under-represented in the 
basalt samples. If true, this would make the Al/Si 
ratios of the basalts and regoliths more nearly equal. 
Mg/Si ratios, on the other hand, do not discriminate 
between regolith and basalt samples as clearly as do 
the Al/Si ratios. 
A great deal can be learned about the differences 
between regolith and basalts by comparing the cor-
relation-coefficient matrices in Table II. The effects 
of percentage formation will be considered elsewhere 
and emphasis in this paper will be placed on the ratio 
forms of the data . It is significant that the correlation 
between Al/Si vs. A1 and Mg/Si vs. Mg are quite large 
(with the exception of the Apollo-11 regolith suite). 
Conversely , the correlation between Al/Si and Mg/Si, 
which is frequently used to discriminate between 
highlands and mare materials, is quite variable and 




Sample Si AI Mg Al/Si Mg/Si 
(wt.%) (wt.%) (wt.%) 
Apollo-If basalts (28) 
Mean 18.98 5.00 4.23 0.263 0.223 
Standard deviation 0.489 0.726 0.518 0.038 0.037 
Coefficient of variation 0.026 0.145 0.123 0.146 0.137 
Range 1.79 2.46 1.56 0.142 0.098 
Apollo-If fines (21) 
Mean 19.61 7.21 4.71 0.368 0.243 
Standard deviation 0.519 0.257 0.282 0.017 0.014 
Coefficient of variation 0.026 0.036 0.059 0.046 0.059 
Range 2.60 1.13 1.30 0.074 0.065 
Apollo-12 basalts (55) 
Mean 20.87 5.12 6.66 0.246 0.323 
Standard deviation 1.136 1.043 3.324 0.051 0.126 
Coefficient of variation 0.054 0.204 0.349 0.207 0.390 
Range 5.87 4.19 7.33 0.242 0.500 
Apollo-12 fines (28) 
Mean 21.61 7.30 5.89 0.338 0.273 
Standard deviation 0.515 0.609 0.498 0.026 0.029 
Coefficient of variation 0.024 0.083 0.085 0.076 0.097 
Range 2.61 2.27 2.27 0.107 0.144 
Apollo-15 basalts (84) 
Mean 21.50 4.84 6.23 0.224 0.293 
Standard de via tio n 1.017 0.905 1.320 0.038 0.075 
Coefficient of variation 0.047 0.187 0.211 0.172 0.257 
Range 5.47 6.87 6.64 0.259 0.385 
Apollo-IS fines (55) 
Mean 21.83 7.70 6.61 0.352 0.302 
Standard deviation 0.424 0.1633 0.978 0.073 0.046 
Coefficient of variation 0.019 0.211 0.148 0.206 0.151 
Range 3.25 3.35 6.60 0.287 0.304 
Apollo-12 combined 
Mean 21.11 5.85 6.40 0.276 0.307 
Standard deviation 1.032 1.384 1.948 0.062 0.107 
Coefficient of variation 0.049 0.237 0.304 0.224 0.349 
Apollo-IS combined 
Mean 21.64 5.98 6.39 0.276 0.296 
Standard deviation 0.841 1.931 1.200 0.084 0.065 
Coefficient of variation 0.038 0)23 0.188 0.303 0.219 
Apollo -12 and -15 
Mean 21.44 5.93 6.39 0.276 0.300 
Standard deviation 0.950 1.754 1.517 0.076 0.083 
Coefficient of variation 0.044 0.294 0.237 0.275 0.275 
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TABLE II 
Correlation coefficient matrices 
Sample Si AI Mg Al/Si Mg/Si 
Apollo-]] basalts: 
Si 1.000 - 0.044 -0.559 -0.198 -- 0.677 
AI 1.000 - 0.497 0.980 - 0.423 
Mg 1.000 - 0.415 0.988 
AI/Si 1.000 -0.323 
Mg/Si 1.000 
Apollo-11 fines: 
Si 1.000 -0.026 - 0.118 -0.642 - 0.544 
AI 1.000 - 0.595 0.782 - 0.372 
Mg 1.000 - 0.391 0.774 
AI/Si 1.000 - 0.052 
Mg/Si 1.000 
Apollo-12 basalts: 
Si 1.000 0.248 - 0.630 -0.100 - 0.683 
AI 1.000 -0.781 0.938 -0.731 
Mg 1.000 -0.582 0.978 
AI/Si 1.000 - 0.509 
Mg/Si 1.000 
Apollo-12 fines: 
Si 1.000 0.432 - 0.822 0.166 -0.890 
AI 1.000 -0.699 0.961 -0.655 
Mg 1.000 - 0.511 0.989 
AI/Si 1.000 -0.443 
Mg/Si 1.000 
Apollo-IS basalts: 
Si 1.000 0.373 - 0.708 0.115 -0.782 
AI 1.000 -0.282 0.954 -0.289 
Mg 1.000 -0.098 0.991 
A!/Si 1.000 - 0.084 
Mg/Si 1.000 
Apollo-IS fines: 
Si 1.000 0.379 0.100 0.307 - 0.022 
AI 1.000 -0.358 0.964 - 0.407 
Mg 1.000 - 0.287 0.992 
Al/Si 1.000 - 0.325 
Mg/Si 1.000 
Apollo-12 fines and basalts: 
Si 1.000 0.422 -0.646 0.192 -0.704 
AI 1.000 - 0.631 0.969 - 0.625 
Mg 1.000 -0.527 0.978 
Al/Si LUUU - 0.502 
Mg/Si 1.000 
Apollo-IS fines and basalts: 
Si 1.000 0.336 -0.505 0.239 -0.634 
AI 1.000 - 0.087 0.980 - 0.148 
Mg 1.000 0.006 0.985 
Al/Si 1.000 0.048 
Mg/Si 1.000 
TABLE II (continued) 
Sample Si AI Mg 
Apo/lo-1 2 and -15 combined: 
Si 1.000 0.350 - 0.556 




values (Table II). It might appear that there was a 
functional relationship between Al- Al/Si and Mg-
Mg/Si whereas a plot ofMg/Si vs. Al/Si might be 
interpreted as "noise". Before genetic interpretations 
and implications are placed on these variations it is 
necessary to assess the effects of ratio formation on 
the observed correlations between ratios with com-
mon parts . 
3. Ratio formation 
Pearson (I 896) was perhaps the first to point out 
that formation of certain types of ratios from uncor-
related parent variables could induce correlations 
solely as a result of ratio formation. Pearson was con-
cerned primarily with ratios which had the same 
denominator and he termed the induced correlation 
"spurious". Chayes (I 949) extended these concepts 
to include other ratio forms and developed simula-
tion techniques for examining correlation induced in 
the simple and more complex ratio forms (Chayes, 
1971, 1975). Al/Si vs. AI is subject to the ratio effect 
as the numerators are the same. If Aland Si are 
uncorrelated, the magnitude of the correlation 
between Al/Si and AI is given by (Chayes, 1949): 
cAif(CJ..t + c§if' 
where Cis the coefficient of variation (standard 
deviation divided by the mean). This expression 
(1) 
holds only when the parent variables have coefficients 
of variation less than 0.2 . If, for example, the coeffi-
cients of variation of Al and Si were equal, the 
expected induced correlation would be+ 0.707. As 
the coefficient of variation of the numerator increases 
relative to that of the denominator the induced corre-
Al/Si Mg/Si 
0.208 - 0.655 
0.977 -0.318 
- 0.199 0.979 
1.000 - 0.220 
1.000 
lation increases in the positive direction. When the 
coefficient of variation of the numerator is three 
times that of the denominator the induced correla-
tion is 0.949. 
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If the numerator and denominator are correlated 
the induced correlation is given by (Chayes, 1949, 
1971): 
(Cii - rAl:SiCAICsi)/[(Ci_t + c§i-
2C APsl AJ :si)y,C Ad (2) 
If r AI :Si is zero, eq. 2 degenerates to eq. 1. As noted 
by Chayes ( 1971), if r AI :Si is greater than zero, the 
induced correlation between AI/Si and Al will be 
positive only if C At/Csi is greater than the correlation 
between AI and Si. In other words, one should expect 
different data sets to exhibit different behavior if the 
parent variables have different coefficients of varia-
tion and/or correlation coefficients. In general, the 
variation exhibited by ratios is a function (albeit 
sometimes complex) of the properties of the parent 
variables and not the result of some "new" informa-
tion being unlocked when ratios are formed. 
The very strong positive correlation between 
Al/Si and Al (Table II) suggested that this variation 
might be useful in providing a calibration for the mea-
sured AI/Si ratios. In five of the six data sets (Table 
II) the correlation between AI and AI/Si exceeds 0 .94 
which is a direct result of the fact that C AI is approxi-
mately three times as great as Csi- In the set of Apol-
lo-11 fines CAl is approximately equal to Csi and the 
correlation between Aland AI/Si is 0.782 (eq.1). If 
CAJ/Csi exceeds the correlation between AI and Si 
(as is true for all lunar samples analyzed) then the 
correlation between Al and Al/Si will always have a 
large positive value. 
If the coefficients of variation of the parent vari-
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ables exceed 0.2- 0.3 then the simulation techniques 
described by Chayes (1971, 197 5) can be used to 
obtain the induced correlation between ratios that 
have common components. This induced correlation 
can be used as a null value to test the hypothesis that 
the observed correlation does not depart from what 
would be expected if the parent variables were uncor-
related. 
4. AI/Si vs. AI variation 
AI/Si vs. AI variation was examined for each of the 
six data sets. As the correlation between Al/Si and AI 
is quite strong the angles between the two possible 
least-squares regression equations (Al/Si on AI and AI 
on AI/Si) must be very small: 1.87° for the Apollo-11 
regolith samples, and less than 0.15° for the other 
five suites. 
From a philosophical point of view, however, the 
least-squares regression is inappropriate as neither AI 
nor Al/Si can be shown to be the independent (or 
dependent) variable. Most geochemical situations 
which appear to require a regression model are best 
approached using the reduced major axis or line of 
organic correlation (Chayes, 1971) in which the pair 
of variables are considered to be interdependent. 
Equations for the six lines of organic equation are 
given in Table III. Five of the lines form a rather tight 
group with reasonably similar slopes. Only the line 
for the Apollo-11 fines samples departs from this 
group. A test was undertaken to see if the slopes of 
the lines were significantly different for the fines and 
basalts pairs of variables from the three sites (Shaw, 
1961; Davis, 1974). At the 99% confidence level the 
null hypothesis (the slopes of the fines and basalts 
AI/Si ratios vs. AI lines of organic correlation are 
equal) is accepted for the Apollo-12 and -15 suites, 
and is rejected for the Apollo-11 suite. 
The Apollo-12 basalt and regolith samples were 
combined (as were the Apollo-15 samples) to assess 
the effects of combination. Summary statistics and 
correlation-coefficient matrices for the combined 
Apollo-12 and -15 suites are given in Tables I and II 
respectively. The correlation coefficients between 
AI/Si and AI for the combined sets are slightly larger 
than in the original sets. Thus, combination has not 
reduced the predicting power (as approximated by 
r2). Coefficients of the lines of organic correlation for 
the combined sets are given in Table III. The simi-
larity of the slope and intercept of the two lines cer-
tainly suggest that a single line relating AI/Si to AI 
exists for the Apollo-12 and -15 fines. This was cer-
tainly an unexpected result but one that is due to the 
statistical properties of AI and Si. 
The Apollo-12 and -15 basalts and regoliths were 
combined into a single set and summary statistics and 
correlations are given in Tables I and II respectively. 
Coefficients for the line of organic correlation are 
given in Table III and a plot of AI/Si vs. AI for the 
150 Apollo-12 and -15 samples (basalts and regolith 
samples) is given in Fig. 1. 
The slope of the line of organic correlation is the 
ratio of the standard deviations of the variables 
(s AJ/Ssi) and the intercept is the mean of the AI per-
TABLE III 
Coefficients for the line of organic correlation 
Set Equation 
Apollo-11 fines AI = 15.23(Al /Si) + 1.607 
Apollo-11 basalts AI = 18.92(Al /Si) + 0.025 
Apollo-12 fines AI = 23.65(Al /Si) - 0.687 
Apollo-12 basalts AI = 20.54(Al /Si) + 0.076 
Apollo-15 fines AI = 25.29(Al /Si)- 1.282 
Apollo-15 basalts AI = 23.54(Al /Si) - 0.429 
Apollo-12 combined AI = 22.33(Al /Si) - -0.323 
Apollo-15 combined AI = 23.07(Al /Si) - 0.397 
Apollo-12 and -15 combined AI = 22.89(Al /Si) - 0.397 
Apollo-11 fines Mg = 19.53(Mg/Si)- 0.033 
Apollo-11 basalts Mg = 16.90(Mg/Si) + 0.454 
Apollo-12 fines Mg = 16.98(Mg/Si) + 1.252 
Apollo-12 basalts Mg = 18.40(Mg/Si) + 0.705 
Apollo-15 fines Mg = 21.43(Mg/Si) + 0.122 
Apollo-15 basalts Mg = 17 .45(Mg/Si) + 1.124 
Apollo-12 combined Mg = 18.22(Mg/Si) + 0.824 
Apollo-15 combined Mg = 18.49(Mg/Si) + 0.896 
Apollo-12 and -15 combined Mg = 18.30(Mg/Si) + 0.893 
.1 .3 .5 .7 
AI/Si 
Fig. 1. Plot of 150 analyses of AI vs. Al/Si for the Apollo-12 
and -15 basalt and regolith samples. 
Bars indicate range of values for a given data subset. 
centage minus the slope times the mean of the AI/Si 
ratio. Any process that can be said to influence or 
control the observed means and standard deviations 
AI and AI/Si could be said to influence the observed 
nearly linear relationship between AI and AI/Si. For 
example, sampling variations and various crystal frac-
tionation mechanisms could influence the means and 
standard deviations, and it is up to the investigator 
to try and sort out all such contributions. 
In Fig. 1 the points cluster rather tightly about the 
line of organic correlation. However, AI/Si vs. AI does 
not separate the regolith-basalt dichotomy and there 
is clearly overlap for both the Apollo-12 and -1S 
suites. The slopes of the individual lines of organic 
equation (Table III) were tested against the slope of 
the combined Apollo-12 and -1S line. The null 
hypothesis (that the slopes are the same) was accept-
ed at the 99% level for the Apollo-12 and -IS sets but 
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rejected for each of the Apollo-11 sets and for a set 
of combined Apollo-11 basalt and regolith analyses. 
The 99% confidence bands cluster closely to the 
straight line. At the mean of the plotted points (AI/Si 
= 0.276 and AI= S.93) the 99% confidence band is 
±0.043 AI and at AI/Si ratios of 0.1 and 0.4S2 
(roughly the extremes of the AI/Si distribution) the 
band is ±0.1 09 AI. Of course, there are errors asso-
ciated with the AI/Si values themselves but in general 
it appears that the equation of organic correlation 
may prove useful in providing an AI calibration for 
Apollo-12 and -1S type regolith and basalts. 
A number of authors have published averages of 
lunar materials and, in general, such averages are 
based on analyses performed in their laboratories. 
Averages published by the U.S. Geological Survey 
group (Rose et al., 197S) are given in Table IV along 
with averages determined in this study . The Rose et a!. 
(197S) averages for the Apollo-11 and -12 fines are in 
reasonable agreement with those from this study 
which are given in Table I. However, the averages 
given for the Apollo-IS fines are considerably differ-
ent with regards to AI and AI/Si. In a previous publi-
cation of averages the USGS group (Cuttitta et a!., 
1973) pointed out that they had only analyzed Apol-
lo-IS fines from stations 2 and 6 near the Apennine 
Front and they noted that samples from station 6 
were lower in AI than those from station 2. As the 
averages given in Table I provide more complete cov-
erage of the Apollo-IS site, comparison between the 
averages in Table IV is difficult. Therefore, eight anal-
yses of Apollo-IS fines from stations 1, 2, 4, 6 and 
9a, and the LM published by Wanke et al. (1973) are 
also presented in Table IV. In general, the average of 
the Wanke et a!. data is in much better agreement 
with averages determined in this study. This certainly 
points out the difficulty inherently associated with 
calculation of averages. Similarly, the averages for 
Apollo-11, -12 and -1S mare basalts published by 
Rose et al. (197S) do not agree exactly with those 
determined in this study. However , when these aver-
ages are plotted on the AI/Si vs. AI variation diagram 
(Fig. 2) they fall very close to the combined Apollo-
12 and -1S line of organic correlation. The Rose et al. 
averages for Apollo-I7 high-Ti02 , low-Ti02 and 
North Massif regolith samples, and the Apollo-17 
basalts are plotted in Fig. 2 along with the average 
Apollo-11 basalts from Table I. With the exception 
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TABLE IV 
Comparison of AI, Si and Al/Si averages 
Sample Wanke Rose 



















AI 7.59 8.99 
Si 21.81 





High-Ti Apollo-17 fines 
AI 6.86 
Si 19 .38 
Al/Si 0.354 




























of the Apollo-17low-Ti02 regoliths these points 
appear to form a separate, but parallel trend. The 
low-Ti02 Apollo-17 soils are actually closer to the 
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Fig. 2. Plot of average AI and AI/Si values from this study 
(1), Rose et al. (1975) (2) and Wanke eta!. (1973) (3). 
The straight line is the line of organic correlation for the 
combined Apollo-12 and -15 basalt and regolith samples 
from Fig. 1. 
The information presented in Fig. 2 suggests that 
there may be two Al/Si vs . Al trends based primarily 
on the Ti02 content of the samples. It is also possible 
that there may be a complete gradation between the 
two sub-parallel trends in Fig. 2. This cannot be 
resolved until a more detailed sampling of the Apollo-
17 regolith and basalt analyses is completed. If there 
are indeed two distinct relationships present then per-
haps other remote-sensing measurements could be 
used to select the proper calibration curve. 
A note of caution must be interjected at this point 
concerning the theoretical frequency distributions of 
measured Al and Al/Si. As indicated in Table I, the 
coefficients of variation for some of these variables do 
exceed 0.20. When Cis less than 0.2 the normal and 
lognormal models yield similar probability results 
(Shaw, 1961 ). When C exceeds 0.2-0.3, however , 
the lognormal model is probably more accurate. Pre-
liminary studies suggest that the choice of a lognor-
mal model will not significantly change the results 
presented previously although this will be examined 
in more detail in future analyses. 
5. Mg/Si vs. Mg variations 
As revealed in Table II, the correlations be tween 
Mg/Si and Mg are very high for all but the Apollo-11 
regolith analyses. As was the situation for the Al/Si 
vs. AI variations the high Mg/Si vs. Mg correlations 
are due to the fact that the coefficient of variation 
of Mg is several times greater than that for Si (Ta-
ble I). For the Apollo-11 regolith samples the Mg 
and Si coefficients of variation are more nearly equal 
thus accounting for the somewhat lower Mg/Si vs. Mg 
correlation. 
6. Mg/Si vs. Al/Si 
Many authors have noted that Al/Si tends to be 
high over the highlands area and low over the maria. 
The Mg/Si vs . Al/Si correlation is of the type that 
Pearson (1896) used to define spurious correlation 
arising from ratio formation. If the parent variables 
are uncorrelated the expected correlation is given by 
(Chayes, 1949): 
c2; [(c2. + c2 )v' cc2. + c2 )v'J St St Mg St AI (3) 
Thus, a positive correlation will be induced, if the 
parents are uncorrelated. As the coefficient of varia-
tion of the denominator (Si) decreases relative to that 
of the numerators (AI and Mg) the expected correla-
tion (eq. 3) rapidly approaches zero. It is interesting 
that the small coefficient of variation of Si that 
causes the Al/Si vs. Al and the Mg/Si vs. Mg correla-
tions to be nearly perfect causes the Mg/Si vs. Al/Si 
correlation to be relatively weak. For example, the 
expected correlation between Mg/Si and Al/Si for the 
Apollo-12 fines is 0.075 whereas the observed correla-
tion is -0.443. However, from Table II it is obvious 
that Si-Al, Si- Mg and Al-Mg are all correlated . The 
following expression can be used to approximate the 
ratio correlation induced if the parent variables are 
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correlated (Chayes, 1949): 
(rAI:MgCAICMg - rAI:SiCAICSi- rsi:MgCsiCMg+ C§uf 
[(ci_, + c§i - 2CA,csirAI:sJ'12 (CK.tg+ c§i 
(4) 
Substitution of the appropriate values from Tables I 
and II for the Apollo-12 fines leads to an expected 
correlation of -0.381. The difference between 
-0.381 and the observed correlation of -0.443 is 
due solely to inadequacies in the first-order approxi-
mations used in deriving expression ( 4) (Chayes , 
1949, 1971). Thus, correlation between AI/Si and 
Mg/Si is a rather complicated function of the coef-
ficients of variation of the three variables and the 
correlation between the three pairs of variables. The 
sign of the correlation is controlled by the signs of 
the three parent correlations. As noted previously 
there is a considerable variation in the observed corre-
lations of Mg/Si vs. Al/Si for the six data sets exam-
ined (Table II) which are directly related to the dif-
ferences in magnitude of the correlations between the 
three variables and the coefficients of variation. In all 
cases examined the correlation is relatively weak so 
that a scatter-diagram of Al/Si vs. Mg/Si prepared 
from an area of similar surface material (such as one 
of the three regolith suites examined) would be 
expected to exhibit considerable scatter. This would 
make the detection of changes within the surface or 
comparison between different maria regions rather 
difficult. From Table II it is apparent that basalts 
and regoliths from the same site can have rather dif-
ferent AI/Si vs. Mg/Si correlations. 
In future studies analyses of highlands basalts and 
regolith samples will be extracted and compared with 
the Al/Si and Mg/Si variations for the Apollo-11, -12 
and -15 sites. 
7. Summary 
Preliminary results suggest that the very strong 
positive correlation between Al/Si and Al observed 
for the combined Apollo-12 and -15 samples could be 
useful in providing a calibration curve for determining 
the Al content of the sampled surface. Once Al is 
known absolute values of Si and Mg could be comput-
ed . Although the Mg/Si vs. Mg variation is just as 
strong as the Al/Si vs. AI variation, emphasis has been 
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placed on the latter as the available Mg/Si ratios 
appear to need reprocessing (Podwysocki et al., 
1974). 
Analysis of Apollo-17 fines and basalts will be 
combined with the analyses described in this note in 
order to determine if there are indeed two Al/Si vs. 
AI variations or if there is a continuum between high-
and iow-Ti0 2 samples. Also, analyses of highlands 
breccias and fines will be extracted from the lunar 
data base and their Al/Si vs. Al variation determined. 
The very strong correlation between Al/Si and AI 
(similarly for Mg/Si vs. Mg) is clearly a function of 
the coefficients of variation of Aland Si (and Mg and 
Si). Coefficients of variation are controlled, in part, by 
the sampling as revealed by the aforementioned varia-
tions in means and standard deviations for the litera-
ture reported Apollo-15 regolith samples. In addition, 
the nature of the materials being sampled obviously is 
reflected in the magnitudes of the coefficients of 
variation. In the analysis of geochemical data, one 
usually attempts to relate the observations to an 
accepted petrogenetic model or to establish a new 
model on the basis of the results obtained. It is a well 
established fact that there are two magma series pres-
ent at the Apollo-12 and -15 sites: (I) a series in 
which olivine control predominates; and (2) a series 
in which quartz is normative. It is not my intention 
to ignore all of the previously-reported geochemical 
and petrologic investigations on the regolith and 
basalt samples from the Apollo missions but to point 
out that, in addition to the known petrogenetic con-
trol s placed on interelement correlation, there are 
serious constraints placed on the correlations between 
geochemically derived ratio forms as a result of the 
ratio formation process itself. In fact, one would 
expect uncorrelated parent variables (with the same 
coefficients of variation as those observed for AI and 
Si) to possess correlations between the ratio and its 
numerator as large as those observed in this study. 
Can one be certain that the only influence on the 
observed Al/Si vs. AI (and Mg/Si vs. Mg) relationship 
is the presence of two magma series at each site? 
There is no doubt that their presence places con-
straints on the observed correlation but there is 
always the possibility that a soundly based petro-
genetic model will appear to be violated (or followed) 
solely as a result of the process of ratio formation. 
Additional work is planned in which the two 
groups of basalts will be analyzed separately and cor-
relations between all of the ratio forms involving AI, 
Mg and Si will be examined. A brief examination of 
the summary statistics for the 49 analyses of Apollo-
IS basalts analysed previously (Butler , 1976) , how-
ever, suggests that the relationships described for the 
Apollo-12 and -15 basalt and regolith samples hold 
for the separated groups of olivine and quartz nor-
mative Apollo-15 mare basalts. That is, the correla-
tion between Al/Si and Al is large and positive for 
both groups whereas the Al/Si vs. Si correlation 
remains relatively weak and negative. Again, the 
larger coefficient of variation of Al controls the 
magnitude of the correlation. 
At this point it is appropriate to question the utili-
ty of the suggested Al calibration curve for other 
areas of the lunar surface and other planetary objects. 
It is important to recognize the need for information 
about the parent variables (coefficients of variation 
and correlation coefficients) in order to adequately 
interpret the ratio information. For example, knowl-
edge of the values of Mg/Si and Al/Si does not tell 
us anything about the correlation between the parent 
variables or about the coefficients of variation of the 
parent variables but such information determines 
exactly the correlation between the ratios. It appears 
that the Al calibration curve could be used in the 
processing of remote-sensed Al/Si values from areas 
covered by known Apollo-12 and -15 basalts but its 
extension to other lunar areas or to other planetary 
surfaces should be avoided until additional ground-
truth observations are available. 
Appendix 
Identified samples used in this study 
Sample References * 
Apol/o-11 basalts: 
10003 70 205 , 70 244 
10017 70 205 , 70 233, 70 257, 72 706 , 69 001 
10022 70 244 , 69 001 
10024 70 205 , 70 244 
10044 70 150, 70 209 , 75 758 
10045 70 205, 69 001 
10047 70 205 
10049 70 244 
10050 70 244 , 69 001 
10057 70 209 , 71541 
Appendix (continued) 
Sample References * 
10058 70 235, 70 244,69 001 
10062 70 205 ' 70 244 
10071 70 217 
Apol/o-11 fines: 
10084 70 150, 70 169, 70 174 , 70 205, 70 209 , 70 233, 
70 235,70 244,70 248,70 256, 71T035 , 
71 540, 72 706 , 731149 , 75 253 , 70 257 , 
71 509 , 72 705 , 71 546(2) 
10086 70 275 
Apollo-12 basalts: 
12002 71 531,73 123 
12004 71T023, 71 535,71 538 , 71 540,7 1 563 , 70 339 
12009 71 563 , 70 339 
12012 70 339 
12015 70 339 
12018 71T078 , 71 535,71 537 , 71 540, 71 563 
12020 71T081, 71 535,71 537,71 540,71 563 , 71 274 
12021 71T028 , 71 T081, 71 489,71 537(2) , 71 274 
12022 71T081 , 71489 , 71 501 , 71 541,71 224 
12035 71563 
12036 72 520, 721052 
12038 71T081, 71b501, 71 517,71 563 , 72 706 , 70 339 , 
71 274, 74 240 , 75 803 
12039 721052 





73 356 , 71 274 , 71 528 
71T023 , 71563 
71T023 , 71T081, 71 563,71 274 
71 531 
71531 , 71535 , 71540, 71267 
12064 71T081 , 71 501,71 542, 71 274 
12065 71T023, 71T081, 71 540, 71 542 , 70 339 , 71 274 
12075 71 537,71 539 
Apollo-12 fin es: 
12001 71T035 , 71 506(2) 
12029 74 862 
12030 71 506 
12032 71 506,71 431 
12033 71T015 , 71T023 , 71 506,71 537, 71 563, 
71 272(2) 






71489,71 506,71537 , 71 506 
71 506 
71 506,71 509, 71 531, 71537(3) , 71 538 , 
70 339 
Apollo-15 basalts: 
15016 72 736 , 72 933, 72 315 , 73 235 
15058 72 952 , 73 235, 73 850 
285 
Appendix (continued) 
Sample Refere_nc_e_s _* _________ _ _ _ _ 
15065 72 909, 72 913, 72 933(2), 72 948 , 73 848, 
74 211(2) 
15076 72 933, 72 315 , 73 235 
15085 72 674, 75 095(2) 
15105 73 640 
15125 73 640 
15256 72 674,72 315,73 851 
15379 72 933 
15380 731108 
15382 73 640 
15385 73 070, 73 640 , 73 851 
15386 73 851 
15387 73 640 
15388 73 070, 73 640 
15475 72 674 , 73 235,72 674 
15476 75 095 
15486 73 848 
15495 72 933, 72 952 
15545 72 940 
15555 72 640,72 913 , 72 933 , 72 940,72 315 , 73 848, 
73 859 , 73 851' 74 869 
15556 72 674, 72 948 , 72 315 
15557 72 933, 72 940 , 72 952 , 73 848 
15597 731108, 74 211 
15607 72 933, 73 640 
15610 73 640 
15613 73 640 
15615 73 640 
15620 73 640 
15647 73 640, 731108 
15659 72 933 , 73 848 , 73 866 
15663 73 640 
15665 73 640,731108 , 73 640 
15668 73 253 
15672 72 993 , 73 640 
15674 72 993 
15678 73 640, 731108 
Apollo-15 fines: 
15021 72 705,72 951,72 952,72 315 , 73 850 
15071 75 095 
15080 72 951 
15081 73 859, 75 095 
15091 72 931 
15101 72 706 , 72 931,72 947 
15211 72 931,72 947,72 951 
15221 72 931 
15231 72 910,72 931,72 951 
15232 72 910 
15251 72 931(2), 73 848 
15261 75 095,75 857 , 75 885 
15271 72 934 , 72 315 , 75 095 , 75 885 
15291 72 910(2) , 72 931 




















72 674(2) , 72 705, 73 850, 75 095 
73 225 




72 705,72 910 , 72 951,73 850 
* Reference numbers are those used in the lunar bibliog-
raphy and data base. 
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Hubbard, N.J. and Woloszyn , D., 1977. Orbital gamma-ray data and large-scale lunar problems. Phys. Earth 
Planet. Inter., 15: 287-302. 
The orbital gamma-ray data obtained during Apollo 15 and 16 have been used to infer new information 
about the moon and to generalize some of the information provided by the study of lunar samples. These 
orbital data show that Mg, and to a lesser extent Fe, are major variables in the chemical composition of the 
early lunar crust. However, Fe does not attain high enrichments until the genesis of mare basalts later in lunar 
history. The orbital data show that the lunar highlands are not composed of a homogeneous material of 
anorthositic chemical composition. Rather, the petrogenetic processes associated with the lunar highlands 
have produced a wide range in Mg/Fe ratios. The variations in Mg/Fe ratios between large regions of the non-
mare and highland areas of the lunar surface are nearly equal in magnitude to those seen in the non-mare and 
highland lunar samples. The chemical variations in lunar samples require extensive chemical differentiation to 
produce. Thus regional variations in the mode and/or extent of chemical differentiation exist and the early 
intense bombardment of the lunar surface has not destroyed this record. The central highlands and the high-
Th regions immediately to the west (Lalande and Fra Mauro) differ markedly from other pre-mare and high-
land regions by having very high Mg/Fe ratios. Only Mendeleev has an equally high ratio but it has much 
lower Mg and Fe concentrations. The central highlands also differ from the farside highlands by having higher 
Mg concentrations and lower K/Th ratios. Some of the Apollo samples with high Mg/Fe ratios may be 
representative of the predominant materials in those areas that show the highest Mg/Fe ratios. 
The large depression on the lunar farside (Big Backside Basin) contains at least a two-component mixture 
of rock types: one type is probably the local highland material and the other is a basaltic material whose bulk 
composition approaches that of the frontside mare regions. The surface elevation in the Big Backside Basin is 
similar to that of the frontside mare and the high-Th regions. The high-Th areas and the mare areas (Cog-
nitum and Imbrium) that are colinear on Fe vs. Th and K vs. Th plots all have about the same surface eleva-
tions. This suggests that the high-Th material ("KREEP") was emplaced as lava flows on a pre-existing low 
surface. Mare Serenitatis has the lowest surface elevation of any mare included in this study and the chemical 
composition of its surface is nearer to that of pure mare basalts than that of other maria studied. Taken 
together with the thicker fill in Mare Serenitatis, this suggests that the thicker fill has resulted in a larger 
mare-basalt component in the regolith, i.e., vertical mixing has been the major means of mixing non-mare 
material with mare basalts to produce the mare regoliths. 
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I. Introduction 
It has been demonstrated that direct information 
about the concentration of chemical elements in 
planetary surfaces can be obtained from orbit (Adler 
et al. , 1973; Metzger et al. , 1973) . In this paper we 
will use the orbital gamma-ray data obtained during 
Apollo 15 and 16 and recently reported by Bielefeld 
eta!. (I 976) to deduce new information about lunar 
differentiation. Before doing so, it is useful to discuss 
the major advantages and limitations of the orbital 
gamma-ray data in studying lunar evolution: several 
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aspects of this discussion are also applicable to other 
planetary objects (e.g., Mars, Mercury, the moons of 
Jupiter). Several of the limitations of the lunar 
gamma-ray data collected on Apollo 15 and 16 are 
hopefully unique and will not occur in future data. 
They are: ( 1) the limited coverage of the lunar sur-
face; (2) limitations in the number of elements for 
which meaningful concentrations can be calculated 
and in the precision of the data; and (3) limitations 
in the effective spacial resolution of the data due to the 
need to register a large number of gamma-ray events, 
so that the statistical error associated with the data 
reduction is acceptably small. These limitations are 
due to the limited orbital coverage and mission dura-
tion of Apollo, to the poor energy resolution of 
Nai(Tl) crystals used in the gamma-ray spectrometers 
and to the problems that result when the analyzing 
crystal and the spacecraft are placed in the same 
exciting flux as the sample being analyzed. Proposed 
and discussed future missions (Lunar Polar Orbiter, 
Mars Polar Orbiter, Mercury Polar Orbiter) feature 
nearly global coverage via polar orbits and are 
planned to be of longer duration (~I earth year). 
These long mission durations will permit the accumu-
lation of large total counts for small areas and thus 
improve the effective spacial resolution: for polar and 
near-polar regions the effective spacial resolution will 
approach the inherent geometrical resolution of the 
gamma-ray detector. In future instruments the Nai(Tl) 
crystals are to be replaced by intrinsic Ge crystals, 
which have much improved energy resolution. Irradia-
tion of the detector and the spacecraft by the same 
cosmic-ray flux that irradiates the planet will always 
be with us and will have to be accommodated to the 
extent possible. This problem is much less severe with 
the intrinsic Ge crystals due to their improved energy 
resolution. 
Important advantages and limitations for orbital 
geochemical studies are inherent in the planetary sur-
face under study due to the manner by which the 
planet has evolved. The moon has neither the thick 
sedimentary cover of highly-altered material nor 
oceans that greatly complicate chemical studies of the 
earth from orbit; nor is its surface covered by vegeta-
tion , resting beneath a thick atmosphere that is 
opaque to the transmission of gamma rays. Instead, 
the lunar surface is covered with the debris of 
multiple-impact events . A history of repetitive crater-
ing offers several advantages: (1) in the highland areas 
the upper kilometer or more has been locally (on the 
order of a few hundred kilometers) mixed by the 
early relatively intense crate ring such that the average 
surface composition should be representative of a 
much larger volume (Oberbeck, 1975); (2) in the 
mare areas the greatly reduced number of craters 
(relative to older areas) is still adequate to provide a 
mare surface material that is a mixture of mare 
basalts and pre-existing non-mare material, such that 
information about both types of materials can be ob-
tained; (3) recent large craters provide a "window" 
into the materials at some depth below the surface; 
and ( 4) the smaller impacts serve as crude "ball-mills" 
that attempt to homogenize the upper few meters to 
tens of meters and thus assure that the thin surficial 
( ~ centimeters) layers of material sampled by this 
experiment are representative of much greater thick-
nesses of material. The inherent limitation due to 
cratering, i.e. the mixing of rock types from two or 
more unrelated regions, has had little effect on this 
study because of the large areas over which the data 
must be summed and because "large" ejecta blankets 
and craters provide new and different information to 
replace that which they destroy or cover. 
One of the major advantages of the moon is that it 
provides a chance to study, more or less directly, the 
results of early crustal differentiation and evolution 
of a small planetary body. An important part of the 
moon's early evolution is the very large circular "im-
pact basins", simply because of their size. On the 
other hand, all studies of the moon's thermal history 
have underlined the point that the heat possessed by 
the moon as a result of its formation, plus the heat 
produced by radioactive decay of K, U and Th, has 
been adequate to cause chemical differentiation of 
the moon. Much of this differentiation occurred so 
early that the heat from K, U and Th was of minor 
importance, i.e. early lunar differentiation is linked 
directly to the manner by which the moon formed or 
to other large heat-generating events that occurred 
cady in lunar history. One of the most pressing ques-
tions about lunar evolution is the source of energy 
which caused the early (i.e., pre-mare basalt) chemical 
differentiation of the moon , and the manner in which 
this differentiation occurred. One important piece of 
information about this early differentiation is the 
chemical variations in the materials affected, includ-
ing both inter-element variations and spacial varia-
tions. Later volcanism (mare basalts) partially covers 
the record of early lunar differentiation at crucial 
locations (the bottoms oflarge impact structures) but 
effectively adds much to the record and extends it at 
least another 0.8 b .y. by virtue of the early age of this 
volcanism and by the record preserved in the lunar 
samples of an intimate association between this vol-
canism and the igneous activity associated with early 
differentiation. 
The most severe limitations have been those about 
which little can be done without re-orbiting the 
experiment. The limited spacial coverage and mission 
duration have already been mentioned. They place 
severe and frustrating limits on the ability to tackle 
numerous lunar problems because data for critical 
regions do not exist. The number of elements for 
which data are reported is less than optimum, even 
though these elements are among the most useful. 
Data forTi would be exceedingly valuable. Improve-
ment of the precision and accuracy of Fe, Mg and K 
determinations to that of Th will permit the sharpen-
ing of any conclusions that can be made using present 
data. If Ca and AI data could be obtained, even for 
large areas of the moon, with precision and accuracy 
equal to that of the present Fe data, then it would be 
possible to search for areas of the moon that have 
"meteoritic" Ca/AI ratios. The existence of such Ca/ 
AI ratios would suggest that some areas of the lunar 
surface have not undergone chemical differentiation , 
which produces "non-meteoritic" Ca/ AI ratios. Data 
for Ca and AI can also be used to classify basaltic 
regions , such as areas within the Big Backside Basin, 
as either mare or non-mare based on whether their 
Ca/ AI ratios were greater than meteoritic (as in mare 
basalts) or less than meteoritic (as in all non-mare 
samples) (Hubbard and Gast , 1971 ). Data for a rare 
earth element (other than Eu) will allow additional 
assessment about the degree to which areas of very 
high natural radioactivity are due to a basaltic com-
ponent such as KREEP, or perhaps to a "granitic" 
component such as found in some lunar samples, by 
looking at their K/REE ratios. 
An intrinsic feature of these data is the relatively 
large-scale size of the problems that can be studied. 
The practical minimum area for which acceptable 
data for all elements can be obtained (2 ,000 s; Biele-
feld et a!. , 1976) is approximately ISO X ISO km, and 
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that is possible Oi1 ~y for part of the Apollo-16 data. 
At this resolution element size, the lunar surface will 
be completely covered by I ,689 resolution elements. 
Near the other extreme used by Bielefeld et al. 
(1976), the resolution element is about 1,000 X 
1 ,000 km and 38 are needed to cover the whole moon. 
Given the inherent spacial resolution of an isotropic 
gamma-ray detector orbiting the moon the lunar 
surface could be covered by several hundred to several 
thousand resolution elements (l 0 ,S S 6 resolution ele-
ments when the elements are 60 X 60 km, which is 
about the ultimate resolution expected for a ~IOO­
km-altitude orbit, and 9SO elements when the ele-
ments are 200 X 200 km) . Thus, lunar problems suit-
able for study using orbital gamma-ray data (from 
Apollo or Lunar Polar Orbiter) must be stated in 
large-scale, and often global , terms. In other words, 
many "traditional" geological problems , such as the 
chemical composition of individual lava flows in 
western Mare Imbrium , are not, in general, valid prob-
lems for studies using the gamma-ray data. In con-
trast , problems concerning the manner in which large-
scale variations in surface chemical composition are 
related to the physical properties of the moon, such 
as surface elevation, crustal thickness, regional gravity 
anomalies, or the center of figure-center of mass 
offset, are particularly suitable. If the genesis of much 
of the lunar surface material was directly related to 
conditions existing at or very near the end of lunar 
formation, then it is very important to conduct the 
large-scale and global studies for which orbital gamma-
ray data are very well suited_ 
2. General discussion of data 
The purpose of this discussion is to acquaint the 
reader with the overall set of data and their predomi-
nant relationships before applying the data to specific 
lunar problems. Some of the features exhibited in 
these data plots have long been known and reported 
by members of the gamma-ray spectrometer experi-
ment team. 
No effort will be made here to cite every observa-
tion and interpretation reported earlier because the 
goal of this paper is to present an independent over-
view of the data and what they contribute to some 
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Fig. 1. The geographic outlines of the regions used in this paper . 
In some cases finer subdivisions of an area are not shown or not labeled. The names assigned to these areas are for identification 
only (Bielefeld et al., 1976). In the figures that follow the general term "farside highlands" is used collec tively for the areas shown 
on (B) plus the Orientale Rings area on (A). 
of this approach assures that some observations and a 
few interpretations will be repeated. Some of the ob-
servations and basic interpretations are part of the 
lunar "folklore" (i.e. , the high-Th areas are due to 
KREEP and the Fe-rich mare areas have high Fe 
because they were flooded by Fe-rich mare basalts). 
Fig. I A and B show the areas of the lunar surface 
that are used in this study. The names for these areas 
are to be used only as tags and do not imply a restric-
tion of the data to the area or feature whose name 
has been used (Bielefeld et a!. , 1976) . The major 
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Fig. 2. Fe vs. Th for the orbital gamma-ray data and two gro ups of basaltic lunar samples, mare and KREEP rocks. Data for high-
land samples are not plotted because they extensively overlap the orbital data for the farside highlands . Typical 1 a error bars 
have been calculated and plotted for several of the orbital data points. Filled cirdles denote data for more regions and the high-Th 
regions, open circles are fo r the central highlands, Ptolemaeus, and Theophilus ejecta, filled triangles are for Big Backside Basin 
points, and crosses are for the farside highland regions and other highland regions that have similar chemical compositions. These 
sy mbols are used in all graphs. 
where we have plotted Fe vs . Th. In the lower left are 
the data for highland samples. Most of the data are 
for the farside highlands (X) while only a few points 
(ci rcles) are for the central highlands and some 
adjacent regions (Theophilus ejecta and Ptolemaeus). 
The central highlands differ from the farside high-
lands (in this paper "farside highlands" is also used to 
denote the limb regions that are chemically similar to 
the farside highlands , see caption to Fig. 1 A and B) by 
having higher Th concentrations . The Big Backside 
Basin (the large topographic depression found by the 
Apollo -IS altimetry) has a range of Fe and Th values 
that ex tend from near those of a mare area to approxi-
mately those of the central highlands , which has also 
been noted by Bielefeld eta!. (1976) . The mare 
regions have the highest Fe values and a factor of ~3 
range in Th values. Th data for Mare Imbrium are 
colinear with at least two of the high-Th regions, the 
Fra Mauro and Lalande regions as well as the data for 
the Aristarchus region and Mare Cogni tum. A line has 
been drawn through these points and the error bars 
are shown. Data for mare and KREEP basalts have 
been plotted on Fig. 2 to show that no large areas 
(see Fig. 1) of pure mare basalt or KREEP were over-
flown by Apollo 15 and 16 . Specifically , no mare basin 
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Fig. 3. K vs. Th for many of the orbital gamma-ray data 
regions. 
The farside-highland data are omitted for clarity. Typical 1 a 
error bars have been calculated and plotted for several of the 
data paints. 
basalts, as we understand mare basalts from the 
Apollo samples. As regards the KREEP basaltic com· 
position, the gamma-ray data show either: (1) 
KREEP in its pure form is an extremely minor com-
ponent of the lunar surface and that less Th· and K-
rich non-mare basalts are much more important, or 
(2) KREEP is extensively mixed with other rock 
types that have lower Th and K concentrations. Thus, 
the gamma-ray data suggest that neither mare nor 
KREEP basaltic compositions are volumetrically 
important constituents of the lunar crust, although 
they provide very important (essential?) clues to 
lunar differentiation. Photogeological studies have 
also resulted in the conclusion that mare basalts are 
a minor (<1.0%) component of the lunar crust (Head, 
1976). Data for the broad range of anorthositic high-
land samples have not been plotted because they 
overlap the farside highland data obtained from orbit. 
Thus, the highlands do indeed consist largely of rocks 
with chemical compositions similar to the broad 
range of anorthositic rocks obtained by Apollo and 
Luna missions. In Figs. 3 and 4, K is plotted vs. Th: 
the farside highland data are left off Fig. 3 while Fig. 
4 shows the farside highland and adjacent data on an 
expanded scale, where the high-K and -Th points are 
left off. The values of K/Th range from well over 
1 ,200 to as low as 295. The data for the central high-
lands, Theophilus ejecta, Ptolemaeus, the Archimedes 
area, Mare Fecunditatis and Oceanus Procellarum, 
have K/Th ratios near 500, while the Mare lmbrium-

















Fig. 4. K vs. Th for the regions with less than 1,800 ppm K. 
This is an expansion of the lower part of Fig. 3, with the 
farside-highland data added, so that the interrelationships of 
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Fig. 5. Mg vs. Th for the orbital gamma-ray data and two types of basaltic lunar samples (mare and KREEP rocks). 
(from ~300 to 400). The K/Th ratios for the Big 
Backside Basin are colinear with those of many mare 
and highland areas. The K/Th ratios for the farside 
highlands are generally the highest and cluster around 
1 ,200. In Fig. 5, Mg is plotted vs. Th and again the 
central highlands have Mg values typical of mare areas 
and similar to those of the Big Backside Basin. The 
highest Mg values are for the regions with highest Th , 
i.e. Fra Mauro and Lalande. 
3. Quality of the data 
The quality of the gamma-ray data can be assessed 
in ways other than those used by Bielefeld et a!. 
(1976). ForK, Th and Fe our error estimates support 
theirs. For Mg our error estimate is only about one-
half of theirs. This difference is critical to our use of 
the Mg data: at a signal to noise ratio of 5/1 the Mg 
data are quite useful whereas at a ratio of 2.5/1 very 
little can be done. As given by Bielefeld et al. (1976), 
there are two major components to the total error to 
be associated with these data. One component is the 
statistical error that is dependent on the counting 
time . The second is a much poorer defined error that 
is dependent on the errors inherent in the gamma-ray 
production model of Reedy et al. ( 1973) or on the 
"ground truth" normalization that is used to bring 
the measured concentrations more in line with the 
"ground-truth" values used by Bielefeld et al. (1976). 
The ground truth values used by them are at best 
crude estimations simply because of the nature of the 
process. A more direct approach to evaluation of the 
Th and K data is to directly compare the orbital Th 
and K data with lunar sample data obtained by 
gamma-ray spectroscopy. The major assumptions are: 
( 1) the most appropriate set of comparison data for 
Th and K is those taken by the same basic method 
but , under the more controlled and simpler condi-
tions of a ground-based laboratory, and (2) K/Th sys-
tematics of lunar samples are known to be relatively 
simple and thus serious deviations will be readily 
apparent when the two sets of data are directly com-
pared. This comparison is shown in Fig. 6. The results 
are: (I) the orbital Th and K values do not extend to 
as high values as the sample values, which is also seen 
in Fig. 2 and is not considered to be a defect of the 
orbital data; and (2) the K/Th ratios of the orbital 
data have slightly higher average values at low K and 
Th values than do the sample data. However, the 
range of values is the same. Furthermore, much of the 
clustering of sample data below ~2.0 ppm This due 
to mare basalts, whereas nearly all of the orbital data 
are for highland areas on the lunar farside. Without a 
careful study of the orbital vs . sample data, and per-
haps the acquisition of new data, it is not clear to 
what extent there are systematic errors between the 
orbital and sample data or to what extent the two 
sets of data are providing accurate information about 
different populations of materials. For this paper the 
comparison in Fig. 6 is adequate validation of the 
orbital data. 
It has been suggested that the Mg values reported 
in Bielefeld et al. (1976) may not be solely due to Mg 
in the lunar surface (Bielefeld , 1977) . On the other 
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Fig. 6. A comparison of the Th and K values from the orbital 
gamma-ray experiment with those measured on lunar samples 
in terrestrial laboratories using gamma-ray spectroscopy. 
The sample data are from Eldridge eta!. (1972 , 1975), 
O'Kelley eta!. (1972), Keith eta!. (1972) , Rancitelli eta!. 
(1972) and Fruchter ct a!. (1975). The line drawn through 
the sample data is only there to aid the eye. 
Mg values are related in a meaningful way to the lunar 
surface chemistry, predominately to Mg. Perhaps the 
most convincing pieces of evidence are: (1) that the 
ratio of average Mg concentrations between mare and 
highland soils is very similar for both samples and 
orbital data (~1.7); and (2) the overlap of the orbital 
data for Mg and Fe on the sample data (Fig. 7). In 
Fig. 7 the samples that have Fe and Mg concentra-
tions within the range of the orbital data for the far-
side highlands are all samples of the anorthositic 
norite - noritic anorthosite suite of materials that are 
prime candidates for the average material that makes 
up the upper part of the highland crust. This graph is 
our assessment of the accuracy of the data. We will 
return to Fig. 7 later in the paper. 
The errors to be associated with the Mg data are 
rather large if calculated as indicated by Bielefeld et 
al. ( 1976). For 2 ,000 s of counting time the time 
dependent 2 a error is ±3.0 wt.% Mg and for 6,000 s 
the error is ±2 .2 wt.% Mg. Another way of calculating 
the error is to assume that some large area of the 
moon has a uniform Mg concentration and then ana-
lyze various portions of this area to get repetitive 
measurements. In practice this can be approximated 
for the gamma-ray data by using the four different 
analyses of Mare Serenitatis, the three Apollo-IS 
analyses of the western farside highlands, the five 
analyses of the Big Backside Basin, and the four anal-
yses ofMare Tranquillitatis. For these 16 analyses the 
average Mg value is 4.95 wt.%, the 2 a error is 0.92 
wt.% Mg, and the average counting time is 4,300 s . 
Note that the ±0.92 wt.% Mg error also includes any 
differences in Mg concentration between the four 
areas. The 2 a counting time dependent error alone 
for 4,300 s of data is ±2.04 wt.% Mg when calculated 
according to Bielefeld et al. ( 1976). This suggests that 
the errors assigned by Bielefeld et al. ( 1976) are too 
conservative when used to evaluate variations internal 
to the Mg data. In other words, our error estimate 
refers to the internal precision of the data whereas 
their error estimate also includes an allowance for the 
accuracy of the data. The error bars shown in several 
figures for Mg are ± 1.0 wt.% Mg. A similar, but not 
identical, calculation of the error for Fe suggests that 
the 2 a error is± 1.0 wt.% Fe for the mare areas. This 
is in good agreement with the 2 a counting time 
dependent value given in Bielefeld et al. (1976). 
4. Applications of the data to lunar problems 
In the discussion to follow we will concentrate on 
the information contained in the gamma-ray data 
alone. Later papers will concentrate on use of the 
gamma-ray data in combination with photogeological 
and other remote sensing data. 
Two general classes of lunar problems that are 
amenable to study using the orbital gamma-ray data 
are : (1) early lunar differentiation; and (2) mare-
basalt genesis. For several reasons most of the discus-
sion will concern early differentiation: (1) the major-
ity of the data are for the older part of the lunar 
crust; (2) the spacial resolution of the data is more 
suitable to the study of early differentiation than to 
the study of mare-basalt genesis; and (3) much less 
295 
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Fig. 7. A comparison of Fe and Mg data from the orbital gamma-ray experiment with data from lunar samples. No mare basalts 
or soils are plotted. All sample data are denoted by filled squares. The numbers of selected samples, mostly those with high Mg/Fe 
ratios, are shown. A straight line has been added to show the relationship of the orbital data for Andel and Lalande to the data 
for the samples with high Mg/Fe ratios. 2 a error bars are shown for the orbital gamma-ray data, as described in the text. 
has been learned about early lunar differentiation 
from the Apollo and Luna samples and missions and 
from earth-based observations than about mare 
basalts. Early lunar differentiation is used in this 
paper to refer to events that produced the rock types 
(chemically defined) found in all pre-mare areas, 
where mare areas are defined as those areas filled with 
low-albedo material and having a crater density like 
that of the large frontside maria. This definition of 
maria has been chosen because the onset of mare-
basalt volcanism is still unknown, as is the genetical 
relationship of possible early (pre 4.0 b .y .) mare 
basalts to the wide range of non-mare basalts such as 
KREEP, etc. In fact, an important question about the 
basaltic material in the Big Backside Basin is whether 
or not it is an early example of mare-basalt volcanism 
or an example of basaltic material produced as a 
direct consequence of early pre-mare basalt igneous 
activity. Further subdivision of early lunar differen-
tiation is not attempted because isotopic studies of 
lunar samples have not yielded clear correlations of 
chemical composition and age, as between such 
diverse compositions as the anorthositic series and 
KREEP basalts. 
4.1. Application of orbital gamma-ray data to early 
lunar differentiation 
Two of the broadest questions that can be asked 
about early lunar differentiation are: (1) what chem-
ical elements (especially major elements) have the 
widest range of concentrations and what are the inter-
element variations , and (2) what are the first-order 
correlations of chemical composition and physical 
features? Figs. 8- 13 provide some of the answers. 
Fig. 8 shows that K concentrations are lowest in the 
farside highlands and highest in the Archimedes, La-
lande and Fra Mauro regions. Excluding the central 
highlands, one of the Big Backside Basin points and 
the value for Mendeleev, the data show that the moon 
consists of low-lying areas that have greater than 800 
ppm K and elevated areas that have K less than 800 
ppm. Using these orbital gamma-ray data and lunar 
sample data, Hubbard and Minear (1976) calculated 
that the farside highlands contain 3 ± 3% basaltic 
material, i.e., very little if any basaltic material of any 
kind (mare or non-mare) was emplaced on the lunar 
surface during the early chemical differentiation that 
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Fig. 8. K vs. surface elevation for the orbital gamma-ray data. 
The surface elevation data are from the compilation of Bills 
and Ferrari (197 5) and were provided by Dr. Alfred Metzger. 
tion. The great variability in K concentrations is 
restricted to low-lying areas, all of which have basaltic 
or nearly basaltic chemical compositions. See also the 
frontispiece of the Seventh Lunar Science Conference 
Proceedings for a K map. A plot of Th vs. surface 
elevation displays the same relationship, as noted 
earlier by Trombka et al. (1973). See Parker et al. 
( 1977) for a detailed treatment of Th vs. elevation. 
Using the Bielefeld et al. (1976) data, the Th concen-
trations for the farside highlands are all below 1.0 
ppm. The average and 2 a values for the Apollo-15 
data is 0.75 ± 0.24 ppm, the average for the Apollo-
16 data is 0.42 ± 0.30 ppm, and the combined average is 
0.53 ± 0.42 ppm. These Th values contrast sharply 
with those for the central highlands (1.8-2.8 ppm). 
Fig. 9 shows that a plot ofFe/Th ratios vs. surface 
elevation also separates the samples into similar 
groupings, although there is no clear separation based 
on chemical data alone. Figs. 10 and 11 are best 
viewed together and show that there is a general, but 
crude, correlation of Mg concentration and surface 
elevation when data for non-mare areas are plotted 
(Fig. 1 0). Also plotted on this figure are data for the 
Big Backside Basin, the Archimedes area, the Aristar-
chus area and Theophilus ejecta. The first three areas 
may not belong on Fig. 10 because they are areas 
where both mare and highland compositions are 
abundant. The Theophilus ejecta have a highland 
chemical composition but are deposited on a low-
lying area. Theophilus impacted into a low-lying area 
and thus raises an important question about the 
correct interpretation of Fig. 10. To what extent is 
the relationship between chemical composition and 
surface elevation a correlation due to isostatic adjust-
ment of large masses of material vs. a correlation of 
content of more magnesian material (basaltic?) in the 
surface soils with the elevation of the surface on 
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Fig. 10. Mg vs. surface elevation for selected portions of the 
orbital gamma-ray data. 
The error bar for Mg is 2 a, as de scribed in the text. 
crust has a simple structure where isostacy is strictly 
true then in the lower-lying areas the pre-mare chem-
ical compositions would have higher densities, as the 
Mg vs. surface elevation plot (Fig. 10) suggests . How-
ever, Theophilus indicates that this view is much too 
simple. Large basin-fo rming impacts would certainly 
complicate the structure. Early basaltic volcanism 
may have also complicated the expression of crustal 
structure via surface chemical compositions. Solomon 
(1975) has used a hydrostatic approach to model 
volcanic activity on the moon . According to his 
model , the least dense lavas could rise to higher sur-
face elevations than the more dense lavas. His model 
also implies that more lava will be emplaced in lower-
lying areas. This suggests that a simple explanation of 
the Mg vs. surface elevation data is that greater 
amounts of basaltic material (higher Mg) were 
emplaced at lower elevations: the more basaltic 
material, the greater the percent of Mg in the result-
ing regolith . In this case Theophilus would be ejecting 
material from below this basalt-enriched layer. Addi-
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Fig . 11. Mg vs. surface elevation for selected portions of the 
orbital gamma-ray data 
The error bar for Mg is 2 a, as described in the text. 
only the well-known general relationship between 
mare (higher Mg values) and highlands (lower Mg), 
except for the central highlands where Mg is similar 
to the average mare value . As opposed to the relation-
ship between elevation and Mg, there is no correlation 
of Fe concentrations and surface elevation for the 
pre-mare areas (Fig. 12), where pre-mare areas on this 
figure include all areas with Fe values below that of 
Fra Mauro. The Fe-rich mare areas are clearly se pa-
rated from all highland areas. Fig. 12 has been chosen 
to make a point that can also be made using Fig . 9 , 
that is , the areas of high Th and those mare areas that 
are colinear with these on a Fe vs . Th plot (Fig. 2) 
have a very small range in surface elevations. If the 
high Th (and K) of these areas is due to the presence 
of KREEP, then by analogy with the mare basalts and 
the mare areas, we suggest that this correlation sup-
ports the idea that the KREEP basalt composition 
was indeed emplaced as lava flows and that these lava 
t1ows covered large areas of pre-existing low-lying 
topography on the lunar nearside . Solomon ( 197 5) 
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Fig. 12. Fe vs. surface elevation for the orbital gamma-ray 
data. The broken line is an "eyeball" fit to the high-Th and 
colinear mare points shown in Fig. 2. 
KREEP basaltic composition would have everywhere 
migrated to the surface once ge nerated , by virtue of 
its low density, and thus it can be concluded from the 
combination of his model and the orbital gamma-ray 
data that KREEP was not a widespread lunar differ-
entiate. 
If we combine the observation that the surface 
chemical composition of the low-lying areas is highly 
variable with the obse rvation that the Theophilus 
impact ejected "typical" highland mate rial then the 
simplest explanation of the variab ility in surface 
chemical compositions of the low-lying regions is that 
these areas have been the sites of repeated emplace-
ments of lava flows whose chemical compositions 
reflect the timing, the sequence and the types of 
chemical differentiation that have occurred at depth 
below these regions. The mare basalts represent the 
later stages of this diffe rentiation and the broad spec-
trum of non-mare basaltic compositions (KREEP, 
etc.) the earlier stages. In this simple picture, the 
highland chemical compositions predate the onset of 
" normal" extrusive volcanism and everywhere under-
lie the thin basaltic cover. It also follows from this 
view that extreme trace-element enrichments and the 
production of basaltic rocks (mare or non-mare) are 
processes that do not become effective until after 
crustal formation. The appearance of these basaltic 
magmas on the lunar surface is perhaps as much 
related to the early period of tensional st ress calcu-
lated by Solomon and Chaiken (1976) as to the 
petrogenetic possibilities calculated by Hubbard and 
Minear (1976) . 
A plot of Mg/Fe ratios vs. surface elevation (Fig. 
13) shows several intriguing relationships among the 
data. First, the central-highland and the high-Th areas 
have the highest Mg/Fe ratios except for Mendeleev, 
which has much lower concentrations. Although the 
range of Mg/Fe ratios is wide , Fig. 13 suggests that 
the petrogenesis of the central-highland and the high-
Th regions have more in common than the trace-ele-
ment data (Th) suggest. In Fig. 13, the data field for 
the mare areas has an elongation which, when put 
together with the data in Fig. 12 where the lower-
lying maria have higher Fe concentrations, suggests a 
correlation between density (related to Fe content) 
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Fig. 13. Mg/Fe ratios vs . surface elevation for the orbi tal gam-
ma-ray data. 
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appear to have risen to higher elevations. However, 
this suggestion cannot presently be taken too serious-
ly because the materials on mare surfaces are poorly 
understood mixtures of mare basalts and pre-existing 
materials. The true correlation is more probably 
between surface elevation and percent of mare mate-
rial in the surface soil; that is, more mare basalt was 
emplaced in the lower areas , and hence more has been 
mixed into the surface soils of these regions. 
The spacial relationships of the Mg/Fe data are 
shown in Fig. 14, where Mg/Fe ratios are plotted vs. 
longitude for the Apollo-! 5 and -16 ground tracks. 
Here we see that the regions having high Mg/Fe ratios 
are all found along the Apollo-16 ground tracks 
nearly centered at 0° and between 20°E and 20°W. 
This spacial relationship is certainly suggestive of a 
cogenetic relationship for the rocks in this area, i.e., 
for the central highlands and the high-Th regions to 
the west. This suggests that the simple view sketched 
earlier should be modified to state that the petro-
genesis of early basaltic materials (KREEP, etc.) is 











FRA MAURO/• CENT HIGE~LS~NDS 
FARSIDE 0 DES FARSI DE l 
\ 
X HIGH w LIMB 
, HIGHLAND BORDER PROC-s o"THEO EJECTA 
N OF OC PROCe' -._M COG 
lxAL KHWARIZ M FECe 
KOROLEV EJECTA x RIENTALE ----xHIGH E LIMB 
0 .30 
1SO 140W IOOW 60W 20W 20E 60E IOOE 140E 1SO 




1SO 140W IOOW 60W 20W 20E 60E IOOE 140E 1SO 
160W 120W SOW 40W 0 40E SOE 120E 160E 
Fig. 14. Mg/Fc ratios vs . longitude along the Apollo-IS and -16 ground tracks. 
Note that the highest ratios, except for Mendeleev, are between 20°E and 20°W on the Apollo-16 ground track . 
300 
entiation comes from comparing the orbital gamma-
ray data for Mg/Fe ratios with similar data from 
Apollo samples (Fig. 7). Large variations in Mg/Fe 
ratios are due to extensive chemical differentiation 
and a large difference in Mg/Fe ratios between two 
different groups of igneous rocks of otherwise similar 
chemical compositions is direct evidence that these 
two groups of rocks are not cogenetic. Such large 
differences are well known among the lunar samples. 
Similarly, large variations across the lunar surface in 
the non-mare areas are direct evidence of separate 
petrogenetic provinces. No data for mare basalts are 
plotted in Fig. 7. The overlap in Mg and Fe concen-
trations and Mg/Fe ratios between the orbital and 
sample data is almost complete. Possible systematic 
and known random errors in the gamma-ray data may 
account for nearly all of the nonoverlapping gamma-
ray data. If we assume that the nearly complete over-
lap is evidence that there are only small, nonserious 
systematic errors between the orbital and sample 
data, then the following statements can be made: 
( 1) Most of the anorthositic samples relate to the 
farside highlands and to part of the central highlands. 
(2) The materials of the Andel and Lalande areas 
could well be represented by lunar samples with high 
Mg/Fe ratios, such as 67955 ,8; 15445 ,17; 15455 ,20W; 
760553; 77035,53 and 14068,3. 
(3) The materials in the Big Backside Basin may 
not be different in major-element composition from 
some of the Apollo-16lunar samples. 
( 4) The non-mare areas overflown by Apollo 15 
and 16, with the probable exception of Fra Mauro, 
are anorthositic (but far from pure plagioclase) in 
average composition rather than basaltic (i.e., the 
squares plotting above and to the right of the orbital 
data are all basaltic in chemical composition). 
(5) There are important and fundamental varia-
tions in chemical composition that can be studied 
quite well from orbit. 
4.2. Application of orbital gamma-ray data to mare 
basalt problems 
Two important contributions have already been 
mentioned: (1) the low-lying areas have a basaltic sur-
face chemistry (which may be mare or non-mare) or 
have a large component of basaltic material (Big Back-
side Basin); and (2) there is a correlation between the 
Fe concentrations of the mare surface material and the 
surface elevation of the maria. These points can be 
further investigated by re-examining the data already 
presented. Going back to Fig. 2 we see that no mare 
area has a remotely-sensed Fe concentration as high 
as do all mare-basalt samples, nor does any mare area 
have Th values as low as mare basalts. If we can safely 
exclude the central highlands from general considera-
tion, then we can say that the increase in Th concen-
trations above those of mare-basalt samples and far-
side highland areas must be due to the presence of 
high-Th material. Unfortunately, neither the sample 
nor orbital data allow a definitive statement about the 
range in chemical compositions of this material that 
has higher Th concentrations. However, this material 
can reasonably be defined as having greater than 
about 3 ppm Th and a basaltic chemical composition. 
From Fig. 2 we can say that this material is present in 
varying percentages in the mare soils. Calculations 
(Hubbard and Minear, 1976) suggest that this high-Th 
material is almost, perhaps entirely, absent in the far-
side highland material. Figs. 3 and 4 show that the 
chemical compositions of the surface materials in 
mare areas cannot be understood in terms of three 
simple well-defined components because the K/Th 
ratios of western Imbrium are among the very lowest 
found in the orbital gamma-ray data even though the 
elemental concentrations are well below those of the 
high-Th regions that have similar ratios. It is the Th 
values that set the Mare Imbrium areas aside from the 
other mare areas. 
Going to Fig. 12 and recalling that the mare areas 
have the youngest ages from surface crater densities 
and contain the youngest rocks from radiometric 
dating, we can conclude that large enrichments in Fe 
were not a widespread feature of lunar differentiation 
until the onset of mare-basalt emplacement. This con-
clusion can also be reached with less certainty by 
generalizing the lunar sample data via albedo and 
spectral reflectance data. 
Mare Serenitatis has the thickest fill of mare 
basalts and the highest Fe concentrations of the maria 
studied in this paper. This is most simply understood 
as the result of a thick fill of mare basalts reducing 
the amount of pre-mare basalt material that is verti-
cally mixed by impact cratering. This is also suggested 
by the low Al/Si ratios [see fig. 1 of Podwysocki et 
al. (1974)] relative to the other maria. Conversely, the 
surface material of other maria contain so much non-
mare basaltic material that one can learn almost as 
much about the non-mare material as about the mare 
basalts themselves by studying the chemical composi-
tion of the surface soils. Consider for example , Figs. 
2-5 , 8 and 9, where Th and K probably provide more 
information about non-mare basaltic material than 
about mare basalts. Such an attempt is outside the 
scope of this paper. 
5. Conclusions 
The lunar surface retains a record of the extensive 
chemical differentiation that occurred very early in 
lunar history. Important aspects of this record can be 
read using an isotropic gamma-ray detector in orbit 
around the moon. The information thus obtained is 
valuable alone and is complementary to understand-
ing lunar petrogenesis via the lunar samples. The 
spacial variation in petrogenetic processes, as inferred 
from the K/Th , Fe/Th and Mg/Fe ratios, is nearly as 
great as that seen in the lunar samples. 
The consistent correlation of basaltic (mare and 
non-mare) surface chemical compositions and low 
surface elevation is indicative of a physical control on 
the movement of basaltic magma onto the lunar sur-
face. 
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Gibson, Jr., E.K., 1977. Production of simple molecules on the surface of Mercury . Phys. Earth Planet. Inter., 15: 303 -
312. 
Lunar sample studies have shown that solar-wind irradiation of the lunar surface has produced a variety of low-molecu-
lar-weight compounds. Analy sis of the lunar soils has revealed the presence of H2, CH4 , H20 , N2, CO, C02, He, Ne and 
other componen ts which are ex tralunar. Irradiation experiments on lunar materials and anal ogs have shown that solar-wind 
and solar-flare irradiation of the lunar surface produces selected low-molecular-weight comp onents. 
Solar-wind irradiation of Mercury's surface should also produce a wide variety of low-molecular-weight species because 
of the increased solar flu x, which results from Mercury being nearer the sun than the moon. The thermal regime of Mer-
cury's surface would result in thermal evaporation of low-temperature components followed by "cold-trapping" on the 
night-time side of the planet. Such desorption- adsorption processes assist chemical weathering of Mercury's regolith. 
I. Introduction 
Prior to the return of the first lunar samples, Zeller 
and coworkers (Zeller et a!., 1966; Zeller and Ronca, 
1968 ; Zeller et a!., 1970) had predicted that the lunar 
materials which had been exposed to the solar wind 
and flares would be enriched in the solar-wind ele-
ments and possibly contain low-molecular-weight 
molecules. Zeller et a!. (1966) and Zeller and Dresch-
hoff (1969) have postulated the formation of organic 
compounds on the solid bodies of the solar system by 
solar and cosmic proton bombardment. Fast protons 
having energies typical of the solar wind and solar 
flares are known to be capable of producing OH-
ions and H20 if they impinge upon 0-rich solids. 
Laboratory experiments using various irradiation 
techniques have demonstrated the production of sim-
ple molecules on silicate target materials (Zeller et 
a! ., 1966; Gibson and Moore , 1972 ; Chang eta!., 
1973). 
The purpose of this paper is to examine the pos-
sibility of the simple molecule production on the sur-
face of Mercury in light of the results which have 
been obtained from the study oflunar samples. Previ-
ous models regarding the depletion of volatiles on 
Mercury's surface should be reconsidered in light of 
the lunar sample results. The initial examination of 
the returned lunar samples showed the regolith mate-
rials were either enriched or saturated in solar-wind-
derived elements and/or compounds (e.g ., H2 , He, C, 
CH4 , Ne, N2 , H20, CO, C02, Ar, etc.). The solar-wind 
irradiation of Mercury 's surface should also result in 
the production of simple molecules on the planet's 
surface. 
2. Review of lunar sample results 
At the present time most of the geochemical infor-
mation on the volatile elements and their simple com-
pounds within the lunar regolith has resulted from 
the analysis of lunar soils. The abundances, distribu-
tions , movements and evolutions of the volatile ele-
ments (H, C, N, 0, S , etc .) in the lunar environment 
are affected by the processes which operate on the 
lunar surface. Comminution , erosional, lateral and 
vertical transport, and homogenization processes 
operate in the regolith (Fig. 1) and have a direct 
effect upon the volatile trace elements and their sim-
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Fig. 1. Development of the regolith on planetary bodies 
involves a combination of processes. 
Problems associated with the evolution of the lunar regolith 
are briefly summarized. The dynamics of the processes oper-
ating in the near-surface environment involves extralunar, 
geochemical, petrographic and mechanical events. 
able histories with regard to their origin and makeup; 
they are composed oflithic fragments, individual 
mineral grains, glass, agglutinates, and meteoritic and 
cometary components. The past history of each of 
these fragments or components is complex. This rec-
ord is important and must be considered in the inter-
pretations of the observed analytical results for the 
volatile elements and their simple compounds in lunar 
soils. This brief review will consider the abundances 
and distributions of the low-molecular-weight ele-
ments, C, Nand S, and their simple compounds as 
measured by a variety of analytical techniques in 
lunar materials. The majority of the H, C and N 
found in lunar soils and breccias is extralunar while 
Sis mostly indigenous to the moon (Gibson, 1975, 
1977; Gibson and Moore, 1972). 
The majority of the C and N found in lunar soils 
can be accounted for as having a solar-wind origin 
(Moore et a!., 1970, 1971; Kaplan et a!., 1970). 
Lunar soils have C abundances ranging from 4 to 280 
pg C/g and N abundances ranging from 7 to 164 pg 
N/g. Mature lunar soils generally have C contents 
greater than 125~ 150 pg C/g and N contents greater 
than 110 pg N/g (Gibson, 1975). Immature lunar soils 
typically have C contents below 50 pg C/g and N 
contents less than 40 pg N/g. Lunar soils in most 
cases contain more C and N than do the correspond-










NITROGEN, I'QN/g 80 63501"' 79261"' 
e72701 
60 
75081"' "'71501 •76501 
... 
63321 
40 .7 5061 
20 .7 4221 = GOEL 
= MOLLER 
AGGLUTINATES FROM McKAY, et al. 
0 10 20 30 40 50 60 70 
AGGLUTINATES, PERCENT 
I'ig. 2. Lunar N abundances and agglutinate relationships 
for the Apollo-16 and -17 soils. 
The positive correlation between the maturity parameter 
agglutinate content and the total N abundances of lunar 
soils indicates that the abundance of N found in lunar soils 
is related to their surface exposure. The N data are from Gael 
et al. (1975) and Muller (1974). The agglutinate data are 
from McKay et al. (1974). 
ing breccias and crystalline rocks from the same land-
ing site (Gibson, 1975, 1977). The finest-grain-size 
fraction of the lunar soils contains the greatest C and 
N concentrations. Total C and N abundances for 
lunar soils are positively correlated with maturity 
indicators such as agglutinate content, Ar content, 
CH4 content and exposure ages. Such a positive cor-
relation for total N abundances with percent aggluti-
nate can be seen in Fig. 2 for the Apollo-16 and -17 
soils. 
The presence of hydrocarbons formed during acid 
hydrolysis of lunar soils has been suggested by Abell 
et a!. (1971), Cadogan et a!. (1971) and Chang et a!. 
(1971) to arise from carbide-like materials contribut-
ed to the lunar fines by solar-wind implantation and 
meteoritic impact. Batts et al. (1974) have shown that 
the concentration of carbides in lunar fines ( estimat-
ed as CD4 from DCl dissolution) is related to both 
solar-wind history and the Fe0 content of the sample. 
N from the solar wind is believed to interact with the 
lunar mineral and glass grains resulting in the forma-
tion of chemically bound nitrides which can be 
released upon hydrolysis with mineral acids (Muller, 
1974; Becker et al., 1976). 
TABLE I 
Summary of lunar gases 
(I) Contamination atmosphere , Lunar Module exhaust , sample processing 
(3) Chemical reaction products CO, C02, H2S, S02 , H2, H20, 02 
(carbides, sulfides, etc.) 
(4) Indigenous lunar gases vesicles , inclusions, exsolved from melt 
and distinct sources. Some of the sources are sum-
marized in Table I. 
305 
Gas release studies of lunar soils and regolith mate-
rials have shown a variety of components which are 
released from lunar materials during heating. The 
gases released during pyrolysis result from separate 
The gas release profiles were obtained by heating 
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Fig. 3. Gas release profile and weight-loss curve for Apollo-15 Dune Crater soi115471 , 12. 
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evolved above 900°C and the CH4 evolution. occurs between 200 and 600°C. Gas release studies carried out according to the 
procedures of Gibson (1973). 
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from the sample measured with a mass spectrometer 
using the procedures of Gibson (1973). The released 
gaseous species identity, abundances, temperature 
ranges and sequences of release were determined. The 
gas release patterns vs. temperatures (Fig. 3) have 
been plotted so that each of the gases has been nor-
malized to 100% amplitude in their region of greatest 
abundance. The weight loss of the sample is also given 
below the gas release curves. The arrow on the 
weight-loss curve represents the initial melting point 
of the sample. 
Terrestrial H20 vapor , N2 and C02 have been 
adsorbed by lunar soils after return to earth. These 
gaseous species are loosely bound (adsorbed) to the 
surfaces of the soils and are lost from the samples 
when they are heated under vacuum at temperatures 
below 150°C. Solar-wind-produced components such 
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in the outer surfaces of individual minerals and glass 
grains, and these gases are released between 200-
7000C. A typical gas release profile of a lunar soil is 
given in Fig. 3. Gibson and Moore (1972) irradiated 
terrestrial olivine samples with 1 00-ke V protons and 
found that the H20 and H2 release proftle were simi-
lar to that observed for lunar soils (Fig. 3). The exper-
imental results obtained supported the Zeller et al. 
(1970) model for H20 and OH- production on mate-
rials found on planetary surfaces. Chang et al. (1973) 
and Wszolek et al. (1974) have carried out irradia-
tion experiments with 13C and 15N on lunar soils, 
analogues and single mineral phases in order to under-
stand the pyrolysis release of CO, C02 and N2 from 
lunar materials. The bimodal evolution of CO 
between 700-900 and 1000- 1200°C upon vacuum 
pyrolysis oflunar soils could be completely account-
ed for as resulting from the solar-wind implantation 
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Fig. 4. Material balance and the gas release patterns for the C components in Apollo-16 soil64801. 
The gas release profiles obtained by the procedure of Gibson (1973). Total C abundances measured by the technique of Moore et 
a!. (1970) and reported previously in Gibson and Moore (1973). 
of C of solar wind energies. Chang et al. (1973) found 
that the observed evolution of N from lunar soils 
during thermal pyrolysis could be duplicared by their 
experimental irradiations of lunar materials with 15N 
of energies and fluxes approximating those of the 
solar wind at the lunar surface. Most of the solar-
wind N is released from lunar materials in the tem-
perature intervals 600-950 and 950-1150°C- iden-
tical with the results obtained from the irradiation 
studies using 15N. The systematic decrease inN con-
tents from lunar soils to breccias to rocks (Gibson, 
1975 , 1977) is identical to that observed for C in 
lunar materials. Hayes (1974) has suggested that the 
N from the solar wind is almost 100% retained by 
lunar materials and may serve as a useful indicator of 
soil maturity . 
A summary of the C material balances in an 
Apollo-16 highlands soil64801 can be seen in Fig. 4 
(Gibson and Moore, 1973). The mature soil (57% 
agglutinates) contained 184 pg C/g. Below 750°C , 
only 30 pg C/g of C was evolved from the sample 
during heating under a vacuum of 10-6 torr . The C 
species present were C02 , CH4 , CO. The origin of 
the C species was believed to result from the lunar 
atmosphere, solar wind, contamination, with addi-
tional trace C from meteoritic and cometary sources. 
In the temperature interval 750-950°C, 87 pg C/g 
was lost from the sample in the form of mostly CO. 
The CO was derived from the solar-wind irradiation. 
Trace quantities of CH4 and C02 were also evolved in 
this temperature interval. In the temperature interval 
950-100°C only 13 pg C/g were lost from the sam-
ple during thermal volatilization. The C species 
evolved was again CO with only a trace of C02 . The 
sample of lunar soil contained only 54 pg C/g after 
heating to I ,100°C . The C abundances from the sam-
ple heated to 1,100°C were similar to those found in 
rocks and breccias from the lunar highlands (Moore, 
1974 ; Gibson , 1975). The C remaining in the heat-
treated lunar soil is similar to the values found for 
the Apollo-16 rocks and is believed to be the indige-
nous lunar carbon level for materials from the Apollo-
16 site. 
Evolution of C and S species above 900°C may 
also result from reaction products of C- and S-bearing 
phases found in the soils with the minerals and glass 
components of the soils. Gibson and Johnson (1971) 
and Gibson and Moore (1972) reported the release of 
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S-containing gaseous phases (S02 and H2S) above 
1 ,000°C. The S gases are derived from the reaction of 
troilite and other sulfides with the silicate phases at 
elevated temperatures. Identical gas release profiles 
have been produced using lunar analogs (Gibson and 
Johnson, 1971). The S-containing gases have not 
been plotted in Figs . 3 and 4 to prevent cluttering the 
figures. 
Presence of gas phases in vesicles and gas-rich 
inclusions along with those gases exsolving from the 
melt are shown as gas spikes in Figs. 3 and 4. These 
gases are noted to evolve at temperatures around 
1 ,100°C . The gases present are CO or N2 or a com-
bination of the two. The identity of the gases found 
is similar to those that should be expected from 
theoretical consideration of the lunar gaseous envi-
ronment during the time of crystallization of the 
lunar samples (Wellman , 1970 ; Gerlach, 1974). 
3. Irradiation processes 
Dreschhoff (1973) has studied in detail the basic 
mechanism for molecular production resulting from 
proton irradiation of 0-rich solids. His studies used 
fast protons having energies typical of the solar-wind 
and solar-flare particles. The studies supported Zeller 
and coworkers' (Zeller et a!., 1966 ; Zeller and Ronca , 
1968 ; Zeller et a!., 1970) models for the formation of 
H20 and OH- ions from silicates, oxides and carbon-
ates after irradiation with protons. The protons 
impinge upon the 0-rich target materials and lose 
energy rapidly by causing ionization along their path 
through the solid, but as long as the particle possesses 
more kinetic energy than the binding energy for a 
potential chemical bond it cannot react with the 
lattice chemically (Zeller, 1976). As the kinetic ener-
gy of the proton decreases to the range of energies 
necessary for chemical bond formation (1-20 eV), 
the proton can either react chemically (formation of 
OH- ions or H20 molecules) or it can capture an 
electron and become and H atom. 
In the case of the earth-moon environment, three 
types of protons can be found with a wide range of 
energies . Zeller (1976) recently noted the following 
energies and fluxes for the three types of protons: (1) 
solar-wind protons with energies of 1-10 keY and an 
average flux of 1016-1017 em - 2 year-1 ; (2) solar-
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flare protons with energies of 1 MeV or greater and 
an average flux of 10 11 -1012 em - 2 year - 1 ; and (3) 
galactic protons with energies of 1 GeV or greater 
with an average flux of about 108 em - 2 year-1 . 
As noted by Zeller and Ronca (1968) the effects 
of the solar-wind protons can be confined to the 
upper-most surface where they may react chemically 
or where they may sputter off surface ions. The solar-
flare protons can penetrate 10- 50 pm into the target 
material and are clearly capable of producing H20 
and OH- in 0-rich solids. The galactic protons can 
penetrate deeply into solids and may cause nuclear 
reactions as well within the target material. 
Gibson and Johnson (1971) and Gibson and 
Moore (1972) noted that the H20 release from lunar 
soils was over a broad temperature range (150-
6000C) and was not released in a manner which indi-
cated the decomposition of a mineral hydrate phase. 
They recognized that the H20 release was probably 
from the processes postulated by Zeller et al. (1966, 
1970). The H20 release (Fig. 3) was similar to a diffu-
sive loss from a silicate phase. They performed 
proton-irradiation experiments (Gibson and Johnson, 
1971 ; Gibson and Moore, 1972) and noted the H20 
release from lunar soils could result from release of 
H20 and OH - formed by proton irradiations. They 
believed that the source of the H20 released at 200-
6000C was from the interior of the grains. 
The moon has neither an atmosphere nor a mag-
netosphere to shield its regolith from irradiation of 
solar wind, solar flares or other particles. Therefore, 
the low-molecular-weight elements and molecules 
found in the lunar soils are to be expected as a result 
of the solar irradiation of the regolith. In the case of 
the moon, slow erosion and saturation of the rock 
and grain surfaces would occur and would tend to 
reach an equilibrium concentration (Hayes, 1974). 
Loss of low-molecular-weight atoms and synthesized 
molecules occur by both the sputtering and evapora-
tion processes. Zeller (1976) noted that sputtering is 
almost independent of surface temperature, but the 
evaporation process is temperature dependent. In the 
case of the lunar surface, the maximum temperature 
of 140-150°C is sufficient to cause loss of weakly 
adsorbed H20 and other molecules. For other plane-
tary bodies such as Mercury with higher surface tem-
peratures, the thermal evaporation process should 
operate more efficiently than on the lunar surface. 
Mercury's greater maximum surface temperatures of 
425°C and longer days (approximately six times 
longer than a lunar day) is sufficient to cause evapora-
tion of several low-temperature components found in 
the lunar soils which were derived from the solar-
irradiation processes. Components which might be 
lost would include: H2 , H20, C02 , CH4 , N2 , He, Ne. 
In the case of the moon, its gravitational field is suf-
ficiently small to permit the thermal escape of gas-
eous molecular weights which are less than 43. How-
ever, solar-wind ionization of the species in the atmo-
sphere will remove them from the lunar environment 
in an even more efficient manner (Gibson and Johnson, 
1971). For Mercury, with a larger gravitational field, 
the evaporated components would have longer resi-
dent times in the Mercurian atmosphere prior to their 
removal from the atmosphere. They may be removed 
from the atmosphere by a variety of means, which 
will be discussed in Section 5. 
4. Interaction of Mercury with the solar wind 
Occurrence and abundance of solar-wind- and flare-
produced molecules and species on the Mercurian sur-
face is dependent upon the flux of solar-wind parti-
cles and interaction of these particles with the 
planet's atmosphere, magnetosphere, and surface con-
stituents. Three possible cases of the solar-wind inter-
action with Mercury exist. 
Case I. Direct solar-wind and solar-flare interaction 
with the planetary surface. The solar wind impinges 
directly on the lunar surface, because it is not deflect-
ed by an atmosphere or magnetosphere of the moon. 
In the case of Mercury, the solar-wind flux should be 
greater because the planet is only 0.386 A.U. from 
the sun. The flux of solar particles on the planet 
should be inversely proportional to the square of the 
planetary distance from the sun. Thus, the solar flux 
would be 6.7 times the solar wind flux observed for 
the moon. 
Case II. Magnetic field of the planetary body deflects 
all of the solar-wind ions. In this case the magnetic 
field of the body is sufficiently strong to deflect all 
of the incoming solar particles. In the situation of the 
earth only a small fraction of the solar particles reach 
the earth's atmosphere and they enter usually at the 
polar regions through cusps in the magnetic field. In 
this case, the planet's regolith would not be irradiated 
with the solar fluxes of particles and the production 
of simple molecules would probably not occur 
because of the deflection of particles by the magnetic 
field of Mercury. 
Case III. Some fractions of the solar-wind ions are 
captured by the magnetosphere and strike the plane-
tary surface . At the present time, the magnetic fields 
surrounding Mercury are not well enough understood , 
and despite the success of Mariner 10, a rigorous anal-
ysis of the interactions of the solar particles with the 
magnetic field data cannot be made. However, pre-
liminary data suggest that the case III must be the 
situation with the solar-wind and magnetic-field inter-
actions on Mercury (Broadfoot and Shemansky , 
I975;Hartle et al., 1975). 
Kumar (1976) noted that an interaction of the 
solar wind with the Mercurian planetary surface and 
atmosphere must occur. The reasons for this interac-
tion are : 
(1) The radius of gyration for solar-wind particles, 
particularly for heavy ions, may be large enough to 
allow such interaction. 
TABLE II 
Characteristics of Mercury 's atmosphere (after Kumar , 1976) 
Atmospheric Vertical Surface Photo-
constituent column pressure ioniza tion 
density oo- 11 mbar) time 
(10 11 cm-2) (10 5 s) 
H < 1 < 0.001 55 
H2 < 1,000 < 2 8 
He 7 0.02 38 
c < 0.5 < 0.004 7.0 
N < < 0.003 7.8 
0 < 1 < 0.02 8.8 
co < 20 < 0.4 6.5 
C02 < 20 < 0.6 3.5 
H20 < 300 < 6 0.20 * 
Ne < 300 < 4 8.3 
Ar < 50 < 2 5.6 
Total atmosphere <2,000 < 20 
* Photodissociation time. 
(2) A fraction of the solar-wind plasma can also 
diffuse across the magnetopause and reach the sur-
face (Hartle et al., 197 5). 
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(3) Direct solar-wind plasma can encounter the sur-
face in the cusp regions which are larger and closer to 
the surface on Mercury as compared to those on the 
earth. 
( 4) There is probably no plasm asp here on Mercury 
because the rotational electric field is much less than 
the solar-wind-convection electric field so that most 
of the solar-wind plasma accelerated in the tail should 
have direct access to the surface (Hartle et al., I 975) . 
Surface saturation may take place with the influx 
of ions with an end result of equilibrium occurring 
between implanted ions and those sputtered or ther-
mally evaporated from the surface. Kumar (1976) 
has summarized the characterization of Mercury's 
atmosphere and the expected solar-wind fluxes of 
various constituents (Table II). In the lunar situation, 
saturation of the surface occurs within 104 year 
(Zeller eta!., 1970). The length of time required for 
saturation to occur on the Mercurian surface is not 
known at the present time. Once the magnetic field 
is more completely mapped, it should be possible to 
determine the rate at which the surface saturates. Of 
course, this rate will be dependent upon the solar-










































evaporation rate, and surface turnover or gardening 
rate. In addition to the proton influx on the surface, 
other ions from the solar wind (in the solar abun-
dances, H >He> C > N > 0 > Ne) would be striking 
the surface and potentially reacting to form simple 
molecules such as H2 , CH4 , N2 , C02 , H20 , NH3, etc. 
The light gases such as H2 and He could escape 
thermally from Mercury because of the low gravita-
tional field. Kumar (1976) noted that most mole-
cules with molecular weights greater than 10 would 
be retained in the near-surface environment or atmo-
sphere of Mercury. The high daytime temperatures 
should assist the thermal escape of these low-molecu-
lar-weight molecules. Because of the low tempera-
tures ( - 143 - - 173°C) associated with nighttime on 
Mercury, the remaining gaseous species could be 
"cold-trapped" or adsorbed on the surface and 
removed from the atmosphere. Jovanovic and Reed 
(1973) have found Hg enrichments in lunar samples 
collected from permanently shadowed regions of the 
lunar surface. The "cold" shadowed regions of the 
lunar surface appear to have trapped Hg migrating 
from warmer areas. Similar processes operate on the 
daytime and nighttime regions of the planet Mercury. 
Watson et al. (1961) suggested the presence of ice on 
the moon in those regions which were permanently 
shadowed. The shadowed regions (0.5% of the lunar 
surface) would act as sinks or reservoirs for the lunar 
volatiles especially H20. Another loss mechanism 
would depend upon the magnetic field of the planet; 
If the solar wind was impinging directly on the sur-
face, it would ionize the species and sweep them 
away from the planet. Such a situation exists on the 
surface of the moon. 
The assumption that the solar flux of particles 
has been constant over geologic time is probably 
incorrect. Evidence exists which suggests that the 
solar flux has been ten orders of magnitude greater 
when the sun went through aT Tauri stage in its early 
history (Heymann and Dziczkaniec , 1976 ; Zeller, 
1976). If the sun went through aT Tauri stage the 
energy of protons available would be sufficiently 
greater and the solar fluxes would be greater. Such a 
situation would greatly increase the production rates 
of simple molecules on the surfaces of planetary 
bodies. In fact, the state of the magnetic fields of 
Mercury early in its history is not known. Should the 
field have been absent or not yet developed, the 
increased irradiation at the Mercurian surface would 
result in a greater production rate of low-molecular-
weight species. 
5. Volatiles on Mercury 
The question of what has happened to the volatiles 
on Mercury should perhaps be broken down into two 
categories: (I) volatiles associated with the formation 
and evolution of the solid body; and (2) volatiles with 
the regolith and atmosphere. According to some mod-
els of planetary formation and accretion (Lewis, 
1973) the bulk composition from which Mercury 
formed had already been depleted in volatiles because 
of its high-temperature origin. In addition, the interi-
or of Mercury may have never reached a stage where 
extensive degassing occurred within the body. The 
outgassing was prohibited because of the extensive 
crustal layer present on the planet. Another consider-
ation is that during the outgassing stages of the plan-
et, the sun was going through aT Tauri stage and the 
solar-wind ionization processes removed any volatiles 
found on the surface of the planet. The loss mecha-
nisms simply were more effective than those which 
retained or trapped volatiles on a planetary surface. 
The previous models which suggest that Mercury 's 
surface is void of volatile species should be re-exam-
ined in light of the data obtained from the lunar sam-
ple studies. The solar-wind flux of ions, at the Mer-
curian surface, the planet's temperature regime, and 
the long period of the Mercurian day all support the 
models that volatile compounds and phases may have 
been produced on the surface of the planet over 
periods of geologic time. During the sunlight periods, 
the surface temperature should be sufficient to outgas 
a portion of the regolith, resulting in a migration of 
these volatile species (H2 , H20, CH4 , C02 , etc.) to 
the dark side of the planet where they are re-ad-
sorbed on the surface regolith materials. The cyclic 
nature of the desorption-adsorption process along 
with the thermal regime would result in a very effec-
tive erosional process. 
Some of the volatiles may be stored within the 
regolith or shadowed regions of the pole (Watson et 
al., 1961 ;Jovanovic and Reed, 1973). Within these 
two sites the temperatures are sufficiently low 
enough to condense or "cold-trap" out most of the 
condensable gaseous constituents. From the gas 
release data obtained from lunar samples, along with 
information regarding the solar-wind irradiation pro-
cesses, and the lunar atmosphere, additional studies 
are needed to fully understand the processes of vola-
tile element cycling on planetary surfaces. 
Huguenin (1976) noted that the role of implanted 
protons on the moon and Mercury takes on another 
role in modifying the regolith's composition. He has 
suggested that the formation rate of OH' radicals on 
silicate surfaces is balanced by photodehydration of 
the OH · radicals from the Fe2+ sites, removing lattice 
0 2 - in the process. The loss of negative charge during 
dehydration must be balanced by the loss of positive 
charge, leading to the reduction of Fe 2+ to Fe0 . 
Huguenin (1976) suggested that this process may be a 
more important process for reducing an airless rego-
lith than sputtering. 
One of the available methods of observing the 
movement of volatiles on the surface of Mercury is 
with a polar orbiting spacecraft equipped with some 
type of UV or IR spectrometers which can detect 
and measure the abundances of H2 , He, H20, CH4 , 
CO, C02 , etc. Measurements should be made at the 
planetary terminator just after sunrise. At that time 
the desorption of the volatiles from the regolith 
should be occurring. Thus, it is hoped that future 
planetary missions will include a Mercury orbiter 
which can further extend our knowledge about the 
behavior of volatiles in the inner solar system. 
6. Summary 
In light of the lunar sample results several observa-
tions can be made with regards to the behavior of 
volatiles on the Mercurian surface and their evolution 
during geologic time. 
(1) Solar-wind ions can be implanted into the sili-
cate surfaces of planetary objects and result in the 
formation of simple molecules (e.g., H2 , H20, CH4 , 
NH3, CO, N2 , C02 , etc.). 
(2) The maximum surface temperature of Mercury 
is sufficiently high and the length of a day on Mer-
cury is sufficiently long to cause thermal evaporation 
of selected molecules (e.g., H2 , H20, CH4 , C02 , etc.) 
and cause selective outgassing of the planetary rego-
lith. 
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(3) Once the gaseous phases have been removed 
from the regolith, they may thermally escape, 
become adsorbed on a substrate or be cold-trapped 
on the dark side of the planet during Mercurian night-
time when the temperatures are very cold (e.g., 
- 143-- 173°C). 
( 4) The cycling of the volatile phases and gaseous 
species should be a very effective weathering process 
which operates on the surface of Mercury. 
(5) Once the details of the magnetic field sur-
rounding Mercury are fully understood, improved 
modeling of the solar-wind interaction with the 
planet's regolith can be undertaken in light of the 
lunar sample studies. 
(6) The movement of volatile phases in the atmo-
sphere of Mercury could possibly be monitored using 
UV or IR instrumentation on board a Mercury polar 
orbiter spacecraft. The instrument which Mariner 10 
carried has detected Hand He in Mercury's atmo-
sphere (Broadfoot and Shemansky, 1975). 
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